Physiological studies on hard ticks Ixodidae by Kemp, D. H.
PHYSIOLOGICAL STUDIES ON HARD TICKS 
IXODIDAE 
D. 	iaP. 
Thesis submitted for the degree of Ph.D 
in the University of Edinburgh, 1%8. 
:1- 
,4BO 
Eli S 
io0 2 41 
	
CONTENTS 	 PAGE 
I. 	Introduction 	... 	.•. 	... 	... 	..... . 	1. 
II. Materials, Methods and Terminology ... ... 	lL.. 
III. The Seasonal Dependence of Development 
in Field Collected Ticks 
Seasonal rhythm in the response to 
daylength in engorged larvae and nymphs ..9. 
Seasonal changes in the duration 
of the pre.-moult phase ... 	... 	... 	•..34- 
The interaction of temperature and 
daylength on the development of engorged 
larvae and nymphs ... 	... 	... 	... 	... 35. 
if. Summary of observations on the seasonal 
rhythm of development in larvae and nymphs39. 
Seasonal changes in the duration of the 
pre-oviposition and embryonic periods 
at digferent temperatures and daylengths .41. 
IV. The Dependence of Development in Laboratory 
Reared Ticks on the Temperature and Photo-
Periodic Conditions Experienced Before and 
After Feeding . . . . . . . . . . . . . . . . . . . .44. 
The response to long and short days 
experienced by unfed larvae and nymphs ...44 
The interaction of temperature and 
photoeriod in diapause induction ... ... 50. 
Elimination of diapause after conditioning 
unfed larvae and nymphs at low temperatures 
and short photoperiods followed by higher 
temperatures and long photoperiods ... 
Lack of response to small daily changes 
in the photoperiod ... 	... 	... 	... 	...62. 
Does chilling the diapausing ticks influence 
ievelopment in the following instars?... .65. 
ne irreversible nature of diapause after 
prolonged period of induction in long 
... 	... 	... 	. . . 	.. 	... 	...67. 
ci. 
Photoperiic ontrol of diapause in other 
Ixodid ticks . . • 	... 	••• 	, , , 	• • • 	• , 	• • , 	• • • 	74. 
Midsummer Inactivity of Ixodes ricinue ... ... ... 	80. 
The Life Hthstory of Ixodes ricinus 
under natural conditions ... ... ... ... ... ... 	86. 
VIII.Photoperiodic Control of Diapause 
in Iodes ricinue and other Arthropods ... ... ... 	 96. 
Summary ... 	... 	... 	... 	... 	..• 	... 	... 	... . 	101. 
Bibliography ... 	... .... 	... 	... 	... 	... ... . 103. 
1iiRODuci' io 
Many authors have stressed the importance of adaptive 
phenomena observed in the behaviour of host seeking ticks 
and in their development off the host after engorgement. 
Alfeev (194) noticed that adults of Dermacentor pictus 
Herm,, 1804 (=reticulatus) were negatively geotactic in spring 
and very active, while in midsummer they reversed this 
behaviour and were not found at the tips of the vegetation. 
This species and D. marginatus Sulz., 1776, both differed in 
their behaviour and development in different localities. 	In 
a cooler region within their distribution area there was no 
apparent reversal of behaviour, but a gradual depletion in the 
stock of ticks by June and July. 	Adults feeding in summer 
did not lay eggs until the following spring, and where an 
acrciaoIe nuber of •auts v;cre active in autumn oviposition 
;as aain aclaed. 	tnece v;as d true di.arjuce in the engorged 
female, which persisted even at laboratory temperatures 
favourable for development, and only after a period of chilling 
was the preoviposition period comparable with that of spring 
fed individuals. 	In another area he noticed that ticks which 
attached to cattle in midsummer did not always feed, but 
remained unaltered in size for several weeks. 	Inability to feed, 
inactivity and delay in oviposition were all considered as 
both species had 
- 	
- 
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Yashkul (1961) is not entirely in agreement with this opinion 
but believes that midsummer inactivity of adult De marinatus 
is less important than delayed oviposition in synchronising 
development of the tick. Their avoidance of high temperatures 
and low humidity in controlled experiments in the laboratory 
suggested hat survival during adverse conditions was the 
advantage derived from their reversed behaviour (Yashkul 196L). 
Srdjukova (1960) has emphasised the importance of diapause for 
winter survival in several Ixodid species although she was inte-. 
recd  
- 	 - 
I 
Delay in ovi ;H-tin in D. nnrginntun 	nvu t: be can- 
trolled by the daylength experienced by the unfed adults 
(Belozerov 1963, 1965, Belozerov and Kvito 1965). 	Daylength 
is a reliable indicator of seasonal change and among im:ects 
many seasonal adaptations are under its control (Lees 1955, 
Dani1evs' - Ij1965). 	This is the first Ixodid species in which 
daylength is known to play such a role. 	Bclozerov ( ' L) 
argues that D, marintus is a typical short day spec:: 
Long photoperiods and high temperatures experienced by the unl'eci 
adult induce diapause, while short photoperiods and low tempera-
tures prevent it. Diapause was broken by chilling the onorged 
or unfed 	t 5 	ir.- ct vc f the d3i:tt c;nditinnn 
(Eelozerov 15L!, 	:Jb). 	t. e:'e rcnu1t nrc: rc di..ly reconcil- 
iable with the field data. 	Diapause was prolonged in summer, 
- iorter in autumn and absent aster experience of low winter tern- 
eratures (Alfeev 1942). 	Comparable seasonal changes in the 
Hiration of diapause have been found in D. riictus (Bazumova 1965). 
-rers w t 	'cv tt the 	 rt'ce of midsummer 
2 . 
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inactivity is in synchronising the life cycle with the seasons. 
He believes that photoperiod controls this form of diapause. 
The daylength (15 hours) is the same when the ticks disappear 
in early summer and when they reappear in late summer, but the 
temperature is much higher at the later date. All the 
factors involved in midsummer inactivity are not yet fully 
understood, nevertheless a clear picture of the life history 
of this tick can be drawn from the observations of these 
authors. 
Among Nearctic species the life history appears to be more 
complex. 	In D. audereoni Stiles 1908, adults are inactive 
in summer (Philip 19379 Mail 1940) : not only do they fall to 
quest but if placed on a host they are reluctant to attach and 
fail to engorge (Hunter and Bishopp 1911, Hooker, Bishopp and 
Wood, 1912). 	In autumn when conditions of temperature, 
humidity and photoperiod are again comparable with spring, 
no recrudescence of activity is found and attachment and 
feeding are suppressed from August to December (Gregaon, 1936, 
1938). 	Gregeon (1951) has suggested that decreasing photo- 
periods are less favourable for these processes than increasing 
ones but he notes that in drier regions activity ceases In 
mid-May, 	Cooley (1911) reported activity of adults at higher 
altitudes in August and September. 	At lower stations Cooley 
activity in autumn of newly emerging adults 
;e considered midsummer inactivity as an 
iditions and autumn 
- 	tIII preventing exposure 
'f the younger 	
/t • 
Stages to winter conditions. 
In D. variabilis (Say 1821) activity continues throughout 
the summer, but in autumn when temperatures and humidity are 
comparable with spring no ticks are found (Smith, Cole and 
Gouck, 1946). 	Earlier observations (Smith and Cole, 1941) 
suggested that attachment and feeding of larvae and nymphs 
under laboratory conditions could be improved during the 
autumn and winter months if they experienced artificially 
iicreasing photoperiods. 	Fixed long photoperiods were also 
effective but the direction of change was most important. 
Adults at these same conditions failed to respond to the 
increasing or long photoperiods and were still reluctant to 
feed. 	Activity itself was not observed under artificial 
conditions. 	In their later observations (Smith et al. 1946) 
low temperatures were harmful to the engorged ticks but only 
the engorged females and the eggs were particularly sensitive. 
Autumn inactivity prevented exposure of engorged ticks and eggs 
to winter conditions. 
Much remains obscure concerning the behaviour of the 
New World species, although ecently there has been revived 
interest in several laboratories. 	There is an interesting 
parallel between D. andersoni and the Old World species 
D. marginatus. 	The seasonal course of activity depends to 
some extent upon the altitude (Melnikova, 1961. 	Decline in 
activity occurs two months earlier (May) at 400-700 metres than 
at 1200-1500 metres (July) and recrudescence of activity about 
two months later at the lower altitude. 	There is evidence 
4. 
/that 
that temperature as well as photoperiod may be involved in the 
cessation of activity. Clearly each species in its different 
localities has its own adaptive requirements. 
In the genus Ixodes, adaption of the life cycle to the 
seasons has not been associated with the behaviour of the adults 
ft' 
as has been inferred for D. marginatus. 	The ada/tion in these 
ticks is usually a developmental diapause. 	An autumn diapause 
is known for the eggs, larvae and nymphs of I. ricinus 
(Linnaeus 1758) and I. Dersulcatus, (Kheisin, Pavlovskaya, 
Malakhova and Pybak 1954; Kheisin, Botchkareva,Lavrenenko 
and Mikhailova 1954; Babenko 1956) and for the larvae of 
I. apronophorus Schlze, 1924, (flubèna and Babenko, 1963). 
It can be inferred from the data of Smith (1945) for the larvae 
and nymphs of I. dentatus Marx, 1899. 	The variable and 
protracted nature of development in the laboratory noted for 
other species suggests that the phenomenon is widespread in this 
genus. 	Diapause phenomena in the genus Haemahysa1is appear to 
be intermediate in character between those of the other two 
genera. 	Delay in oviposition as in Dermacentor was found in 
Haemaphysalis punctata Can, and Fanz., 1877, by Pomerantzev 
( 1 950 ) and in H. flava Neumann, 1897 by Saito (1960). 	Delay 
in development of larvae and nymphs as in the genus j_xodes was 
found in these two species by the same authors. 
Diapause has been extensively studied in I. ricinus. 
A delay in morphogenesis associated with the autumn season was 
observed by Kossel et al. (1903), by Bienarovic (1907), by 
Macleod (1932) and others. 	Diapause in larvae and nymphs was 
/recognised 
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recognised as a prolongation of the mobile post-feeding stage 
by Falke (1931) but its significance in regulating the seasonal 
cycle remained obscure for some years. 
There has been in the past considerable speculation on the 
duration of development under field conditions. Whe$ler (1899) 
observed in Northern England two seasonal peaks of host seeking 
activity, one in spring and again in autumn. He supposed that 
the ticks which fed in spring completed their development 
during the summer and the new instars were the sole constituents 
of the activity peak in autumn (Two brood theory). This 
theory was extended by Milne (1915). 	He believed that in the 
long period of moderate temperatures in the micro-habitat 
during autumn, winter and early spring, engorged ticks could 
develop to the next instar and be ready to feed by spring. 
The problem of natural development was not clarified until 
ticks had been confined under field conditions. 	Campbell 
(191+6) working in Scotland and Alfeev (191+7) in the Leningrad 
district of the U.S.S.R. found that ticks which fed in spring, 
developed during the summer, but the next instars, although 
they emerged in the same autumn, were not usually ready to feed 
until the following spring. Autumn fed larvae and nymphs 
together with autumn laid eggs overwintered in diapause. 
During the cold of winter diapause was broken and development 
resumed in the higher spring temperatures. 	In the Scottish 
population the next inatars were ready to feed by autumn 
(Campbell 191+8). 	Diapause in all stages could not be averted 
in the laboratory at temperatures normally associated with 
development, but was broken by chilling. 
/Comparable 
6 . 
Comparable life histories have been found in other parts of 
Europe. Although particular areas have their peculiarities, 
the main differences are a prolongation of the life cycle and a 
midsummer peak of activity in the Northern latitudes due to the 
short summer season. Thus in Austria the life cycle is 
normally completed in 1.-2 years and possibly even in one year 
under the most favourable conditions (Loew, Radda, Pretzmann and 
Groll, 1963). Farther north in the Lithuanian S.S.R. the life 
cycle required three years for completion, and the nymphs and 
adults had normal spring and summer peaks of activity. The 
larvae began activity only in the third decade of May, reached 
a peak in June, declined in July and were virtually absent 
thereafter (Kadite 1961). 	Within the British Isles the 
normal pattern in upland pastures is a three year life cycle 
with activity peaks for all stages in spring and autumn with few 
or no active ticks in midsummer (Campbell 1948), There are 
however some local deviations; no autumn activity is found in 
parts of South East Scotland (Campbell 1948) or in parts of 
north East England (Mime 1945). Only a midsummer peak was 
found on several high farms (Hill o' Fare) in North East 
Scotland (Hendrick, Moore and MorieOn, 1938), 	In East Anglia 
Barnett (1965) found a midsummer peak of larvae, though somewhat 
later than the similar phenomenon noticed by Kadite 	None of 
these peculiarities has so far been adequately explained. 
In the Moscow region of the U.S.S.R. there was a three 
year life cycle but again there was a distinction between the 
larvae and the other inatare (Babenko 1956). Although all 
/stages 
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stages had two peaks of activity, the second larval peak 
declined earlier than the rest and from August onwards none 
were found. Adults which emerged from spring fed ticks were 
soon willing to feed at this time of year, but 80-90% of the 
larvae were quite unwilling to do so. Both Babenko (1956) 
and Kadite (1961) found that the few larvae which fed in 
autumn usually failed to BUIViVe the winter; all other stages, 
fed or unfed, were unharmed by winter conditions. 
In the Leningrad district the life cycle is not less than 
three years and between three to six years have been recorded 
(Ajf.ev 1947). Farther north in Karelia there is a single 
peak of activity in midsummer (Kheiein it a1. 1954b). Khsiein 
(1954) also found in some larval batches brought into the 
laboratory in autumn that few ticks were willing to become 
active or attach to the hoot. After two to three months some 
larva, were willing to attach, others still refused* He did 
not observe death of engorged larvae, on the contrary he con-
sidered diapsuse in them as an adaption for winter survival. 
Campbell (1948) found larvae which emerged in autumn 
quite unwilling to feed, but by November or December nearly all 
fed successfully on hedgehogs. He believed that certain 
physiological processes must be completed before the assumption 
of active behaviour. This view has been expressed also by 
Serdjukova (1960) and Kheiein (1954). An interesting point 
arose from Campbell's experiments In the laboratory. When 
development occurred at a comparatively high temperature the 
poet-scd,ysial changes were retarded at a particular temperature 
/in comparison 
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in comparison to the rate at which they were completed in ticks 
whose development took place at a lower temperature. The 
prolonged post-ecdysial period necessary in autumn for completion 
of the physiological processes could be expected in the con-
ditions of falling temperature at this time of year. 
Macleod (193) found no difficulty in feeding ticks during 
late autumn and winter, and in experiments here Larvae and 
nymphs emerging in the field in autumn were fed successfully at 
these times of year. 	Cameron (1939) found high infestation of 
adults on deer in midwinter in Perthshire. 	Campbell (1948) 
concluded that there was no evidence for the view held by Totze 
(1933) that unengorged ticks enter a dormant condition of 
hibernation which is unaffected by the weather conditions 
during the winter months. 	On the contrary the evidence, 
though conflicting, does suggest a long delay in the assumption 
of active behaviour in autumn; the factors which induce it 
remain unknown. 	Alfeev (1948) considered it as an adaption 
preventing the appearance of active ticks at a time of year 
when the host potential in forest areas was low. 	Belozerov 
(1966) is of the opinion that autumn inactivity is under photo-
periodic control. His experiments demonstrating inability to 
feed in nymphs conditioned under a short photoperiod are not 
convincing. 	His youngest p;;u1tion (5 months) ehowthe best 
results but the temperature )  18 0c, a:pears to be too high for 
demonstrating winter or 	 tuperiodic effects. 	Possibly 
with lower temperatures and younger ticks an effective result 
could be obtained. 
/The possibility 
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The possibility that midsummer adult inactivity in 
Dersacentor species plays a part in the integration of the 
life cycle with the favurabis seasons of the year has already 
been discussed. No such view has been held for summer 
inactivity of L ricirns. 	Its poor tolerance of low relative 
humidities (Machod 1935), its inability to retain moisture 
and the necessity for recuperative periods in places of high 
humidity in its surroundings (Lies 191+69 Lee. and Mime 1951) 
and its inability to maintain its water balance as its reserves 
of food become exhausted (Lees 1964) all lend support to 
Campbell's opinion that spring activity comes to an end wiLi.i 
the death of any ticks wiich have not found a host by the and of 
June. (Campbell 1948)9 	He was unable after an intensive 
search of the vegetation mat to find any hungry ticks in mid-
sunnier. 	In delayed stocking experiments, Milne (191+5) was 
unable to extend appreciably spring activity, and in direct 
observation, on individually marked adults in the absence of the 
main host Lees and Milne (1951) found few active ticks after 
mid-July. These observation, again tend to support the view 
that depletion of the unfod population as a result of feeding 
or death terminates spring activity. 
Other observation, do not always support this conclusion. 
Alfeev (1935), in a form of 
after the decline in spring 
ticks when they were grazed 
summer. Maclesd (1939) in 
has correlated field activi 
delayed stocking, found that cattle, 
activity, became einfeet€J with 
on unused forest pastures in if .,Id-
field and laboratory observations 
y with a temperature range between 
/k5°-60°F and 
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k5°-60°F, and the absence of activity with an avoiding reaction 
to midsummer terperaturea above 60 °F. 	He did not inspect the 
vegetation mat for inactive but viable ticks. However in 
Austria where the density of ticks is apparently very high, 
Loew et al (1963) state that although many ticks have found 
a host by the end of spring, the remainder were still present 
in the habitat but avoided the high temperatures and low 
humidities prevalent at this time of year, and only became 
active again in autumn. This might Indicate a higher density 
of ticks in the forest regions of the continent and possibly 
more favourable conditions for survival. 	In open heathiand 
in certain areas of South East Scotland and North East England 
there is no indication of survival or recrudescence of activity 
in spring of active ticks (Campbell 191+8). 	It is possibly 
significant that Barnett (1965) records far higher numbers of 
ticks in the coniferous forests of Thetford Chase (East Anglia) 
than are found in the more exposed uplands elsewhere in 
Britain. This was the Impression gained by the author from 
experience of blanket dragging in the two types of habitat, 
On the basis of the extensive behavioural studies of Lees 
(1946, 191+8) it appears that in the presence of persistent 
high temperatures and low humidities all stages of I, rici,nu 
might settle in the higher humidities found below the vege- 
tation. 
The adaptive importance of seasonal Inactivity in 
I. ricinus remains obscure. 	On the other hand the consistent 
appearance of a delay In development in all stages of the tick 
/some time 
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some time in autumn leaves 	no doubt that the presence and 
absence of a developmental diapause is most important in the 
adaption of the tick to the seasonal fluctuations in their 
habitat. (P&ev 	 Com'oe\\ \42, \x\co \'S( UIIA o\r) 
Of these authors only Campbell (1948) has attempted an 
understanding of diapause induction. 	By incubating engorged 
field ticks at a range of constant temperatures in the laboratory 
he found that autumn collected ticks had a much higher tempera- 
ture requirement for c3cvelopment than spring ticks. 	At 
temperatures from 15.. 25 °C, the pre-ovipo8ition period, 
embryonic development and the duration of the mobile phase 
(diapausing stage of Falke) of larvae and nymphs were prolonged. 
This diapause (or autumn state) achieved its greatest expression 
in association with the midsummer experience of the unfed tick 
in the field. As the autumn season progressed the delays 
became less prolonged until in spring they had been eliminated. 
Campbell suggested that diapause was associated with the high 
temperature experience of the autumn active ticks. The lower 
temperature experienced by ticks still active in late autumn 
reduced the diapause intensity, and overwintering experience 
by all the emerging spring population and any remaining autumn 
ticks eliminated diapause completely. 
Recent experiments have shown that although diapause is 
associated with the autumn experience of unfed ticks it can be 
induced directly by the post-feeding photoperiodic conditions. 
Loew (1964) exposed engorged larvae and nymphs of an Austrian 
population of I. ricinus to a range of photoperiod.a at room 
temperature. Diapause was not observed at 14 hours of light 
per day and above but occurred at 12 hours and below. Several 
/insects 
insects have a photoperiodical].y sensitive diapause stage in 
which the response is not unlike that of I. ricinue. 	For 
example the European corn borer Ostrinia nubilalts can be 
brought out of diapause by long day conditions (Beck and 
Alexander 1964). 
The present work attempts to assess the relationship 
between photoperiod and temperature and their role in regulating 
the life cycle of I. ricinus. Some observations on other 
Ixodid ticks are also included. 
13. 
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Engorged females were collected from sheep and cattle 
throughout the tick active season in an area of exclusive 
spring activity (Traquair, Peebleshire, 55°35'N. 33 1 .) and 
in another where activity occurs in spring and autumn (Killin, 
Perthshire, 56°27'N.  14020 1 W.). 
Adults were never very abundant and immature ticks were 
not easily obtained from the host. Active nymphs were 
collected in sufficient numbers from the vegetation using the 
blanket dragging technique described by Macleod (1932). 	Thick 
Turkish towelling proved more successful than blankets; the 
Licks,orice on tie towel, crawled rapidly into the thick pile 
and were not rshed off by fartaer dragging. 	When the towel 
was turned over the ticks soon crawled to the surface again, 
particularly on warm days, and were readily sucked up into 
tubes. 	Larvae were more difficult to collect by this method; 
suction was lees effective in removing them from the towel. 
They had a higher death rate than the nymphs during and after 
feeding which farther reduced the size of the samples. Their 
numbers were supplemented using ticks confined to glass tubes 
in the vegetation mat, a method adopted successfully by 
Campbell (1948). 	Engorged females were collected from sheep 
and cattle and each confined to 1k" by +" glass tubes loosely 
stoppered with non-absorbent cotton wool. The tubes were 
placed in the vegetation mat with the tops lying downhill to 
prevent flooding. 	If spring or autumn larvae were required 
/batches 
batches from the previous spring or autumn adults were brought 
into the laboratory for feeding. 	There were indications that 
confinecent in the tube 	ay have affected subsequent develop- 
merit (section III 2) and the life of the spring larvae was 
certainly extended into July whilst activity ended in June. 
Presumably confinement limited water loss and conserved re-
sources normally used during activity. 
Larvae and nymphs were put onto a laboratory host on the 
same day or the day after they were collected, and experienced 
as far as possible only natural conditions in this transition 
period. 	Hedgehogs were used for feeding immature ticks; they 
were collected after engorgement in water trays underneatri the 
cages (Macleod 1932). Rabbits were used in the same way; 
larvae and nymphs were released and allowed to wander over the 
host and attach at will. They invariably became too crowded 
around the eyes particularly, and also at the base of the ears, 
and around the nose, mouth and chin. 	Although not within the 
scope of this work, the behaviour of the ticks on the host is 
of interest. 	It was found that ticks were confined to these 
areas only, whether the rabbits were allowed to scratch or not. 
If ticks were put on the legs, back, tail or belly theiz.r first 
reaction was to crawl rapidly into the fur; they soon reappeared 
at the surface and started to crawl against the line of the fur, 
which inevitably led them to the head region. 	If a strip of 
fur was shaved off the back, 10-20 9% of the larvae hesitated 
in this area, attached and fed, while the remainder crawled 
rapidly forward and again attached atound the head. Bare 
/skin 
1. 
skin had an attraction for the ticks. 
The direction of light (from a window) did not affect 
their forward movement and disturbance (stroking the fur) 
caused them to dive down into the fur, only to return shortly 
to the surface and resume their forward progress. A higher 
concentration of carbon dioxide around the head was not the 
attraction of that area. 	If another rabbit was placed with 
its nose to the tail of the host, larvae on the host's tail 
again moved forward. The line of the fur apparently directed 
larvae, nymphs and adults to the head and ears. 
This method of feeding either using hedgehogs or rabbits 
was toc labcriou, •tLc1'1r1y when many different batches 
of tic-s ha4 tc be fc 3e l3r t ely  and washed two to three 
times, 	Instead all stages of the ticks were confined to 
rabbits' ears in white cloth ear bags and the host restrained 
by a leather collar.(Plate 1). This method was only slightly 
adapted from Bailey's technique for feeding Phipicephalus 
aPPendicuiptul Neumann, 1901. (Bailey 1960). Although the 
replete ticks were prone to dessication after dropping from 
the ears, this usually could be avoided if they were removed 
from the bags before U a.m. There was a daily "dropping 
rhythm" and most ticks detached between 7 to 11 a.m. 	If 
larvae and nymphs were put on to the host on the afternoon of 
day one, then dropping of the majority of larvae could be 
anticipated on the morning of day four and of the nymphs on the 
morning of day five. 	If light is excluded during feeding 
(black •arbags) the time of dropping was less predictable. 
Several other Ixodid ticks were reared successfully for 
at least one generation using rabbits as hosts. Those 
/included 
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Plate 1. Feeding ticks on rabbits' ears. Collar shown separately. 
included Amblyomma gemma Donit, 1909; }Lyalomm anatolicnim Koch, 
1844; Hy. margjnptu, Koch, 1844; Hy. rufipes Koch 1844; 
Haempphyajs Punctptp; E. leporjs-pa]ustrjs (Packard, 1869); 
RhiPiceDhplus aDDendiculatuE; R. bursa, Can, and Fanz., 1877; 
Pcrmacentpr andersoni; IXodes canisuga Johnston1849; and 
I. l2exatonua, Leach, 181, 	Larvae of Marrppue winthemi  
Karech, 1879 9  attached but failed to feed on a rabbit's ear and 
Ixoden vriae White, 1852 9 not unexpectedly failed even to attack. 
Ab1ypma amenicanum (Linna.ua, 1758) fed successfully up to 
the adult stage but these never reached full engorgement and 
laid few viable eggs. All stages of –I.—canislIft and 
kbexagonue, although they became fully engorged, they did so 
very slowly and were then reluctant to drop from the host. 
Adults of I. ricinue fed readily on rabbits'ears but many 
appeared to be feebly attached to the skin and were often 
knocked off or dropped before completing engorgement. 
For feeding the larvae and nymphs of I. r1cinug this method 
had the advantage that two different batches could be fed on the 
same host and excessive washing avoided. The dried excreta which 
accumulated during feeding could be sieved off through a small 
coffee strainer. One disadvantage however, was the resistant 
reaction of the rabbit, After the third of fourth feeding the 
skin blistered at the site of attachment and the ticks were 
frequently engulfed by an oedematous secretion. A similar 
reaction was described by Trager (1939) in rabbits resistant to 
D. varipbiljs, 
Engorged ticks were kept in the laboratory in 1+" by 4" 
/glass tubes 
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glass tubes loosely stoppered with non-absorbent cotton wool. 
Whether field collected or reared in the laboratory not more 
than one engorged female, twenty nymphs or fifty larvae were 
kept in each tube. At each incubation, temperature and photo-
period not less than twenty nymphs and thirty-three larvae were 
used, except on one occasion mentioned in the text. Adults 
were less abundant and the numbers in each sample are given 
with each experiment. Inevitably pert of a population died 
after feeding, and if the numbers fell below twenty nymphs or 
thirty-three larvae before the end of the experiment the 
results were discarded. 
Most of the laboratory observations were carried out at 
relative humidities near saturation; the small tubes were 
kept in one quart ecrewtop glass jars containing a layer of 
plaster of Paris at the base. The high humidity prevented 
desiccation of the ticks but encouraged moulds. To prevent 
this Campbell (1948) recommended washing the ticks in a 0.1% 
solution of brilliant green or gentian violet. Loew (1964) 
introduced a cellulose pad soaked in a 5% solution of Nystatin 
into the tubes and Joyner1 and Kendall (1963) mixed charcoal 
with the plaster of Paris to lower the relative humidity. 
Various saturated solutions which gave lower humidities 
(Solutions recommended by Solomon 1951) were used with some suc-
cess in preventing moulds particularly for species with a 
lower humidity requirement than I. ricinua. Plaster of Paris 
was eventually found to be perfectly adequate if the basal 
layer was initially dried hard and 2 also of distilled water 
/added monthly 
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added monthly. 	No water condensed inside the tubes and 
provided tubes containing engorged lArvae and nymphs were 
cleaned some ti:(-  after feeding and again after the next instar 
emerged, very few ticks died. 	Cleaning the tubes was essential 
whatever method was used, except when ticks were kept at lower 
relative humidities, but the larvae of 1. ricinus did not 
survive so long at these Conditions. 
Engorged larvae, nymphs and adults were also kept in the 
field for comparison with the laboratory observations. 	They 
were confined in tubes in the ueetation mat as already 
described for the engorged females. 	Only one female, ten 
nymphs and twenty larvae were put in each tube, 	High nuniiditiea 
could not be avoided in the field and the ticks were exa..ined 
and the tubes cleaned In many cases after a long absence. 
With more ticks in each tube there was a tendency for water 
of condensation, combined with fluid excreta to swamp the ticks 
which then stuck together in a wet mass. 	No ticks developed 
under these conditions. 	With fewer ticks per tube these 
adverse Conditions could be avoided, individuals settling in 
drier corners around the plug. 
Although it was intended to compare the field and labora-
tory esu1t. no oter')t v 	::ade to*u1at:e tLe fluctuations in 
•raturc :oun in the flcld. 	iey are fr 	day to day very 
ricinus, which survives for many months, 
ressive seasonal change. The temperature 
• 	 fed ticks is different from the active ones 
v. 
vegetation (Lees and Mime 1951). 	Instead, a range of 
temperatures were established in the laboratory, these 
included 2-5° , 10° , 15 9 18.5° and 230C. 	Species with a 
higher natural temperature experience than I. ricinus were 
incubated at 100 , 150, 18.5° , 23 and 250C. 	The lowest 
temperature, 2-5 °C. was maintained in a refrigerator, the blo-
kinetic temperatures within the natural experience of I. ricinus, 
10 0-18.50C. were maintained in a cold room. The room itself 
was kept at 10°C., just above the lower limiting temperatures 
for the different developmental stages of the tick. 	Standard 
incubators were kept in this room and their bimetallic thermo-
stats adapted to give temperature control at 15°C. and 18.5° C., 
at or just above the mean midsummer maximum in the tick habitat 
(Campbell 191+8). 	Higher temperatures, L and 25 
0C. in 
thermostatically controlled insect rooms were used on occasions. 
The experimental conditions In the cold room (Plate 2) 
were not entirely satisfactory,, the room Itself was subject to 
mechanical, electrical and human faults, and as there was no 
auxiliary motor, results had occasionally to be discarded. 
The incubators though giving satisfactory temperature conditions 
were usually 1 0C. warmer when the lights were on despite the 
thick glass door between the bulb and the Interior. 	Incubators 
with long nhotoperiods were set slightly lower to compensate 
for this deficiency. 
The temperature and photoperiodic conditions which were 
eventually established are summarised below. The maximum 
fluctuation in the temperatures were taken C rrn many 
/observations 
I 
F! 
pp_ 
A, ,4 001 
Plate II. Incubator containing tick jars. A thick glass plate 
separates the interior from the light source. 
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observations during the light and dark periods while ticks 
were being incubated. 
Temperatures °C. 25±3. 0 ; 2 3±2 .5 23±2 . 0 ; 18 .5±1 .9 18 .5±1 .7; 
Light-dark cycles 18:6 ; 18:6 	10:14 ; 18.6 	12:12 	; 
Temperatures °C. 15±2 . 1 15±1 . 2 15±1 . 6  1511.4; 10±1.8 10±2 . 1 ; 
Light-dark cycics 1E:(' 	16:8 	14:10 	6:16 ; 18:6 	14:10 ; 
1:6 and 0:24 at 2-5 0C and solar photo- 
-periods at 15j1,00C. 
While the swing in some cases*as quite large, the 
incubators at 10 0 , 150, and 18.5 °C., from which most of the 
results have been taken, were checked almost every day during 
the experiments and any deviations rapidly corrected. 
The photoperiodic oonditions had to he chosen with some 
care; once established they could not be changed over a 
21 years observation period on field and laboratory ticks. 
:r 	a limit to the number of permutations of temperature 
and daylength which could be checked at sufficiently frequent 
intervals. 
In assessing the eco1oica1 significance of the photo-
periodic control of diaause, the critical value is of 
primary importanc 	 .ipause in engorged larvae and 
	
I 
nynr 	- 	 . Lcinus was prevented at 14 hours of 
Al 
12 hours per day (Loew 1964). 
On the assumption that the critical value for a Scottish 
population would be longer, between 16 and 14 hours of light 
per day, these two photoperiods were established. The 18 and 
/6 hour 
6 hour photoperioda represent the longest and ohortest days 
naturally experienced by fed or unfed ticks. 	The solar photo- 
period changed daily in synchrony with the daylength (sunrise 
to sunset) at a latitude 57 ° O' North, longitude 3 0L' West. 
This was slightly farther North than the actual localities 
visited, but as the intensity of light at dawn and dusk may 
have been above the threshold for perception there was little 
point in attempting an accurate correlation between the field 
and laboratory regimes. The annual photoperlodic rhythm is 
given in Sect. IV, 1+ • 
Only a long and a short photoperiod or darkness were used 
at temperatures other than 15°C.; the object was to find in 
what way if any the temperature modified the photoperiodic 
response in I. ricinus and to nrovide conditions nearer to 
that experienced in the field by such species as D, andersoni, 
IL punctatp and P. bursa. 
The duration of the light nn (lark periods was controlled 
by Londex or Venner time switches; these were checked during 
the experiments, and did not vary by more than 7 minutes from 
the times given. 
It was important that the light intensity in the incubators 
should be above the threshold recognised by the tick. 	In 
I. riciriva, as in other arthropods, this is relatively iow; 
Loew (196) obtained the typical long and short day response 
at an intensity of 5 lux. 	The incubators were fitted with 
Philips No, 33 (Cool white), 12 inch, 8 Watt fluorescent bulbs. 
Their average output through life was 335 lumens, 	In other 
/words 
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words an object one metre from the bulb would receive an 
intensity of 335 lux. 	As the ticks were within 40 cuts, of 
the source, and light 	s reflected from all surfaces of the 
incubator, this type of bulb was consiered suitable. 	Some 
doubt still remained as to whether the intensity of light was 
sufficient to penetrate the dense larval masses which congre- 
gated at the tops of the tubes. 	As a control, weekly egg 
batches from engorged autumn ticks were kept In longer tubes 
(21" by f"), once the larvae emerged the tubes were nverted 
every two days for eight weeks. 	The ticks were not allowed 
to settle in a dense mass but were continually crawling or at 
rest fully exposed to the light. 	Their rcsponse to lone and 
short days differed in no way from larvae which were not 
separated into smaller batches and were allowed to aggregate 
at the top of the tubes. 
Another important point is the sensitivity to different 
wavelengths of light. 	'fhis Is not known for I. ricinus, but 
the bulbs used had a wide spectral range 4000-7000 A, covering 
wavelengths in the blue and blue-green which are most active 
photoperiodically in several Arthropods (Lees 1955, Danilevsky 
:15 purpose of keeping ticks In the laboratory was 
ly to determine the characteri@tiOS of development 
'ociated with different pre-feeding experience. 	Because of 
e unusual sensitivity of the diapausing stage this has not 
•en easy and it is necessary to define clearly the stages of 
e been 
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adapted to suit the occasion. 
Development of engorged immature ticks is divided into 
two visibly distinct stages. 	At first the ticks remain mobile 
and respond to external stimuli but then take up a characterist- 
ic posture with legs outstretched. 	In this position they 
very rapidly lose mobility and after some time the next instar 
ernergc. • 	Felke (1931) recognised that diapause was a pro- 
1onation of the mobile phase but unfortunately ca.iled it the 
Vorruhestadium or Pre-resting stage. 	Campbell (1948) pre- 
ferred to use the term pre-developmental stage, but this is 
also ambiguous, development of certain tisouee taking place 
at this time (Bonnet 1907). The term pre-mpult phase (or 
the pro-moult) has been used here for the mobile stage and 
mQult Phase
, for the period starting with immobility or 
ration of the epidermis from the cuticle and ending wi: 	- 
eclosion, 
Diapause in I ricinue can be regulated by the direct 
action of temperature and light on the pre-moult phase, but 
the response to these external stimuli is very variable. 
For example, if a population of engorged ticca were incubated 
at 150C. all entered the moult phase at long photoperiods but 
a1.ot i11 v;re in diapause at siirt ones (Trh \), 	Tiere 
was a reacnabiy ..ell defined critic:! :th. tor. Qd eteor. 
it per day. 	In another population 
tgnificance for the population as a 
le, individuals diapaueing at 18 9 16 or 14 hours of light 
"as a prolonged 
24. 
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!hotoperiodic response at 15 °C of different populations of 
T. ricinus. 	The numbers in each graph (18, 16, 14 and 6) 
indicate the hours of light per day. 	D.I. is the Diapause 
incid8nce, D. mm, the minimum duration of the pre-moult phase 
at 15 C LD 18:6. 
pre-moult phase (Graph C) or prolonged in some of the ticks 
but not in others (Graph W. 	hen comparing the different 
responses of these poputione no one criterion is sufficient. 
The term critical photoperiod has not been used as it is iii-
defined in many cases, but If the majority of ticks develop  
at one photoperiod but are in diapause at another then the 
threshold photoperiod Is considered to lie between these two. 
In A, B and C the threshold was between 16 and lL hours of 
light per day and in D between 18 and 16. 
The rise in threshold in Graph D indicates a higher 
diapause incidence (D.I.) in the population, this Is taken as 
the total percentage in diapauae at 18, 16 and 11+ hours of 
light per day. 	Difficulty in deciding when to determine the 
diapause incidence was sometimes experienced particularly 
when development to the moult phase was protracted (Graph C). 
In most experiments the ticks which are eventually to enter 
the moult phase will all have done so by 150 days incubation at 
15° C. 	If a tick is still in the pre-moult at this time it is 
taken to be in absolute diapause, and in a population where the 
pre-moult is very long diapause Incidence and threshold photo-
period are recorded after 150 days. A time limit was necessary 
here; after about 200 days spontaneous recovery from diapause 
occurred in many cases , and this was quite unrelated te the 
earlier characteristics of development. 
To distinguish between groups with prolonged development 
(Graph C) and ones with a brief pre-moult (Graph B) the 
j.iiiiniam duration of the pre-moult phase (D. Mm.) is given on 
/the graphs 
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the graphs. Only the duration for ticks at the longest photo-
period has been considered, although the minimum duration at 
the other photoperioda was usually of the same order. L.D. 
is the usual convention for the light-dark cycles in a 24 hour 
day. 
These terms were useful, but when presented in a tabular 
form did not make comparisons between experiments particularly 
easy. Instead the complete graphs were given for each experi-
ment together with the incidence of diapause and minimum 
duration of the pre-moult. 
Handling of the engorged ticks was performed as follows. 
After feeding any dead or wrinkled individuals were discarded 
and the rest kept in the small glass tubes, They were dis-
turbed as little as possible during the pre-moult. With 
experience a rough estimate of the minimum duration was possible 
and the first counts were not made until just before this time. 
Observations were made only when the incubator lights were on. 
Ticks which were incubated at 150C. were taken to the labora-
tory and the jam immersed in cold water at a temperature near 
150C. Tap water even in midsummer never rose more than a 
degree above this temperature. Tick tubes were removed to a 
room temperature between 17-21°C. for a short time, sufficient 
to remove the ticks with a camel hair brush, count the number 
in the moult and pre-moult phases and the nzmber dead, wipe out 
the tube with absorbent cotton wool if necessary and return the 
ticks to the tubes and then back to 150C. Ticks incubated at 
100C. were counted in the cold room and those at 18.5°C., 230Co x 
/and 25°C. 
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were cauuteA inroønts o.L I7- 2IC .2.3 ° 
and 250C. resective1Y. 
Dead ticks at the first count could be attributed to 
dessication or damage during or after feeding and these were 
ignored unless the number of viable ticks fell below twenty 
nymphs or thirty-three larvae, in which case the experiment 
was abandoneth once over the initial period of incubation, 
death rate wa e low and dead ticks were included in the numbers 
still in the pre-moult phase. 	If all the mobile ticks died 
before completion of the experiment a cross (+) was marked on 
the graph. The way in which the data has been used reduced 
the discrepancies through death in the population to negligible 
proportions. 
Counts were made initially every two or three days, but as 
the results became clear the inspection period gradually 
increased until after 100 days the tubes were examined every two 
to three weeks. Although the time when the next inetar 
emerged was also noted in some experiments, there were disad-
vantages in using the whole period from feeding to eclosion as 
an indicator of diapause, despite the extensive use of this 
criterion in the literature (Nuttall et al., 1911, Campbell 
1948, Kheisin et al., 1954a. and others). 	Not uncommonly ticks 
in the moult phase fail to emerge, particularly at a low tempe-
rature (10°C.). The moult phase in many populations is longer 
than the pre-moult and although little affected by the presence 
or absence of diapause there was a greater dispersion in the 
time from feeding to eclosion than from feeding to the begin- 
ning of the moult phase. 	This tended to obscure the temporal 
/relations 
relations of the diapauing pro-moult stags. 
Embryonic diapause can not be confined on the basis of 
macroscoic observations to a particular stage of develoent. 
The method adopted by Campbell (1948) has been used here, a 
prolongation in the  period from the beginning of oviposition 
to the emergence of the first larva, in each egg batch was 
taken as an indication of diapause. Attempts to observe 
development of individual eggs in batches of 30-10 placed 
on damp filter paper were frustrated by the high death rate 
resulting from even the gentlest separation of the eggs from 
the main egg mass. This difficulty was encountered by both 
Macleod (1935) and Campbell (1948), 	In some experiments 
weekly egc batches were isolated by removing the engorged 
females to fresh tubes, and the appearance of the first larvae 
in each weekly batch confirmed the importance of daylength 
for development. 
The following section is concerned with the temperature 
and photoperiodic relations of the engorged field ticks. The 
influence of these two factors on the fed and the unfed ticks 
reared in the laboratory is then considered, and their possible 
roles in regulating the life cycle discussed. Observations 
oa development and activity in the field and in outdoor 
condit.one farther emphasise the well integrated seasonal 
cycle in L ricinus. 
Some comparable information on photoperiodic control of 
diapause is given for other Ixodid species. 
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III 
THE EA6C1;tL DLIENDENCE OF DEVELOPMENT IN 
£iiwDCOiCiLD TICKS, 
1. The seasonal rhythm in response to daylength in 
en,orged larvae and nymphs. 
The response to daylength in ticks collected in 1965 
changed with ti , e different seasonal experience of the active 
stages. This was not simply ..he appearance of diapause in 
autumn and its absence in spring but rather a seasonal  rhythm 
in the intensity of diapause, with a peak in July and August 
and a trough in May. This has also been the experience of 
other authors (Totze, 1933; Kheisin, 19540. 	In 1966 larvae 
and nymphs were collected more frequently; the larvae were 
mostly from tubed ticks, samples being taken when required. 
Larvae from spring laid eggs began to emerge in Autumn. 
The first sample was taken on the 14th October,  1965, although 
activity in the field would not usually be expected until the 
following spring. Samples were taken up to the 31st July, 
1966, by which time field activity had already ceased and most 
of the confined larvae were dead. The influence of photo-
period on development of this spring series of larvae incubated 
at 15°C. in given in figure 1. 
Diapause incidence was high when larvae were fed in 
autumn, soon after emergence (144%). 	Incidence was lowest 
in spring (11-12%) and a 14 hour photoperiod above the threshold 
for the first time. 	By the beginning of July incidence was 
again higher (21%) and at the end of the month only half the 
population entered the moult phase at the longest photoperiod 
/(LD 18:6). 
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F1gure 1. 	Development of Perthshire larvae at 15 °C. 	The 
ticks were taken from the field between the 14th 
October, 1965 and the 31st July, 1966. 
(LD 18:6). (Only 20 larvae in this sample) 
The few larval samples of sufficient size which were 
collected by blanket dragging in 1965 and 1966 are included in 
Table 1, 
Table 1. - 
'ORIGIN  NUMBER I 	TOTAL% IN MOULT PHASE JDIAPAUS MIN IMUM 
ID DATE AFTER  150 DAYS AT 150C AND;ILNCIDEZ1C DURAIXON OLLECTED 01 THE r~PeebleoTshhirs, I RE.-MOULT I 18:6 LD 16:8 LD  14 :10 N DAY 
6th 	r965_J1oo 34  
12th May a.65 30 100 100 96 1.3 
Perthslilre, - 
 June 1965 18 100 100 90 3.3 	I 
H 
Pertjhjjè 
27th Sept. l963! 100 10 i 	0 63.3 
	
.._]th Apr. 1966 20 	100 	- 	 - 	
- 	 23 
30th Apr. 1966 70 1 100 	100 	68 	10.7 	20 
th may 1966 32 	100 	100 	81 	6.3 	19 Peebleshire, 	 - 	 - 
6th Jun. 1966 22 	100 
- 	 72 i 	- 	 19 
- 
These results confirmed the low diapause incidence In the 
spring active period from April to June. 
At an incubation temperature of 15°C. , diapause incidence 
was always hlEher in the nymphs, and there was again a seasonal 
rhythm. In the Peebl.shjr, populations (Figure 2) incidence 
and the threshold photoperlod were lowest in May. Diapeuse 
incidence fell from 26.6% in March to 18.7% on the 26th May, but 
in the eleven days from the 26th May to the 6th June it roes 
/sharply 
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Figure 2. 	Development at 15 °C of Peebleshire nymphs collected 
between the 8th March and 6th June, 1966. 
sharply to 51.3% and even at the longest photoperiod (LD 18:6) 
20% were in absolute diapause. 
The Perthshire field collections were supplemented with 
tubed ticks in November and July when few or none were active. 
For the July sample nymphs collected by dragging on the 28th 
May were kept in the field until feeding on the 19th July 
(Figure 3.) 	Spring nymphs fed in the same autu -n that they 
emerged had a high incidence of diapause, 60%. 	By May the 
incidence had fallen to 23.y but between the 28th May and the 
12th June It rose again from 32% to 87%. 	A total of 76% were 
in absolute diapause at the longest photoperiod (LD 18:6). 
Of the nymphs experimentally delayed in the field until July, 
97% were in absolute diapause in long days (LD 18:6). 	The 
threshold photoperiod fell to between 14 and 16 hours of light 
per day in May but rose again with the increasing diapause 
incidence in June. 
The rather scanty data for 1965 (Table 2) confirmed the 
appearance in June of diapausing individuals at optimal light 
conditions and also confirmed the lowest incidence in May. 
Table 2. 	The response to daylength in engored 0nymphs 
collected in 1965 and incubated at 15-C. - 
0}?IGI1 uMR J1'AL , v IN MOUL HAk 
AND DATE AFLR 150 DAYS AT 15° C. 
COLLECTED 
LD_18:6 LD 16:8LD 14:10 LD 6:18 
Peebleahire, I 
31st March 20 100 	- 0 20 
6th April 34 100 
- 3 23 
31st May 21 100 	- 60 J 85 
Perthshire, 
let April 	23 1 	100 
12th May 25 I 100 
4th June 	25 	76 
- 	0 	11 
100 86 66 
- 	4 	I 
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Figure 3. 	Development at 15°C of Perthshire 'spring' nymphs 
collected between the 9th November, 1965 and the 
19th July, 1966. The first and last samples were 
'tubed' ticks. 
The changing photoperiodic relations of spring larvae and 
nymphs are summarised in Figure k. 	At a temperature of 15 °C. 
larvae fed during the spring active season developed with little 
regard to the photoperlod, only when feeding was experimentally 
delayed until July was diapause Induced, and then only at short 
photoperlods. 	Nymphs at this temperature were particularly 
sensitive to photoperiod when fed in early spring. By June 
and July the photoperlodic effect was masked by an Intense 
diapause at all daylengthe. 
In autumn diapause incidence was highest among the earliest 
larvae fed In August (62%)(Flgure 5). 	These first larvae began 
to energe from autumn laid eggs at the end of June 1966 and 
were fed on the 2nd August. Their pre-feeding history was a 
little different from the other samples in which larvae began 
to emerge only at the end of July. 	Dlapause incidence was a 
little lower in these larvae but not strikingly different from 
September to November ( 1 1-50'). 
There was a very noticeable change in the photoperiodic 
relations of engorged ticks associated with the pre-feeding 
experience during spring and autumn. 	A typical autumn popu- 
lation (collected 2nd September 1966) is compared with the 
spring larvae for the same year (Figure 1, broken line, Graph A). 
Even at a 16 hour photoperiod at 15°C.,  absolute diapause was 
not prevented in some of the autumn ticks, and in August this 
photoperiod was below the threshold for the majority. The 
only autumn larvae collected by blanket dragging showed clearly 
the rise in threshold in autumn. (Table 1, page 30). 
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Figure 4. 	Changes around the threshold photoperiod at 15 °C. 
Perthshire larvae collected in 1966. The broken 
line graph shows the threshold for a typical 
autumn population. 
Peebleshire 'spring' nymphs collected in 1966. 
Perthshire 'springs nymphs collected in 1966. 
The broken line graph shows the threshold for 
'tubed' ticks. 
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Figure 5. Developmeth at 15°C  of Perthshire autumn larvae colleCtEc 
between the 2nd August 1966 and the th Ncviher, 19EC. 
100r 
Di =q°/Q 	 // 16 
	 '4 .•3(37 
CI i-,- i- 	On -57c 
'—I 
cI 
41 4.  
L 	 I 	I L 
0 
C 
Dnn Idu' 
16._.. 
C 
I 	-t • 	I 	 I 
20 40 	 (00 
1• 
LI 
  
3.() . (7 
 
80 
. 
100 	(.0 
cloys uIler Eeedin 
rpure 5 continued. 	'Autumn' larvae delayed in the field 
overwinter before fecding. 
When feeding of these autumn larvae was experimentally 
delayed until the following spring diapause incidence was lower 
particularly among larvae delayed until June (25%) (Figure 5). 
A normal occurrence in the field is the wintering of 
engorged autumn females before the eggs are laid. No difference 
was found in the development of autumn larvae derived from 
ticks which experienced winter conditions as engorged females 
or as eggs (Figure 5, broken 11ie graph). 	Only the October 
populations were compared. 
In autumn, diapause Incidence was very high in the nymphs 
incubated at 15 °C. Absolute diapause was only prevented at 
the longest photoperiod (LD 18:6) and the pre-moult for these 
nymphs was very protracted (Minimum 44 to 150 days or more). 
Diapause incidence was highest in August (100%) and slightly 
lower in late September (85) (Figure 6). 
The overwintering experience of autumn nymphs which were 
experimentally delayed In the field until spring lowered the 
diapause incidence from 85% to 29.7%. The last graph in 
Figure 6 compares the development of October 1965 nymphs with 
the same population delayed until March 1966. 
A low but consistent reduction in diapauso incidence is 
found within the autumn active season. 	In 1965 it was lower 
in ;3eptember and October than in July (Table 3). 
Table 3. 	The response to daylength in nyphs collected in 
autumn 1965 and incubated at 15 -C. 
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[DATE 	NUMBER 
COLLECTED 
25th July 	22 
27th Sept. 25 
I 17th Oct. 	21 
TAi % IN THE MOULT PHASE AFTER 
150 DAYS AT 15 °C. 
LD 18:6.LD 16:8.LD 14:10. DIAPAUSE 
INCIDENCE % I 
	
5 	0 	0 	98.3 
50 0 0 83.3 
45 	0 	0 	85.0 	J 
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Figure 6. 	Development at 15 °C of Perthshire autumn nymphs collected 
between the 12th July and the 22nd September, 1966. The last graL 
shows the development of and'autuinn' population delayed in the field 
overwinter before feeding. The broken line graph shows the deve-
lopment of the original autumn population. 
The combined observations on larvae and nymphs were too 
scanty to confirm Campbell's view that there is a progressive 
decline in the diapause phenomena with the advance of the 
autumn season (Campbell 1948). The incidence of diapause at 
150C. was certainly lower in the later months and after 
experience of winter conditions. 
2. Seasonal changes in the duration of the pre-moult phase 
The seasonal rise and fall in diapause incidence was usually 
closely paralleled by an increase and decrease in the duration 
of the prE-moult. 	Dichotomy between these two occurs in the 
summer mon.th.s, incidence rising while the minimum duration 
remains the same or is shorter. 	For example, diapause incidence 
in the k'eebleshire nymphs rose between the 25th May and 6th 
June (18.7 to 51.3%) while the minimum duration fell from 18 
to 17 days. The two criteria are compared for the larvae 
and nymphs in Figure 7. The dichotomy did not persist into 
July; the Perthshire nymphs delayed until the 19th of this 
month had a high incidence (99%) and a long pre-moult (mini-
mum 69 days). The same phenomenon can be observed in the 
spring larvae although the increase in incidence occurred 
later. 	As absolute diapau8e became increasingly manifest, 
the duration of the pre-moult in the remainder was still short. 
Unlike the nymphs this was repeated in the early autumn popu-
lations incubated at 15°C. 	Diapauae incidence was highest on 
the 2nd August (62%) and duration of the pre-moult shortest 
(minimum 22 days). 
At a time of year when the conditions favourable for 
/development 
34. 
Figure 7. Top graph. The increase in diapause incidence and 
decrease in the minimum duration of the pre-moult in late May 
and June 1966. Open circles, Perthshire nymphs, closed circles, 
Peebles hire nymphs. 
Bottom graph. The seasonal changes in the duration 
of the pre-moult compared withthe diapause incidence in tubed 
field larvae collected throughout the year. In midsummer the 
Incidence of diapause begins to rise while development in the 
remaining ticks is completed rapidly. The open circles show 
the D. mm. for larvae collected by dragging. 
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development are becoming shorter there is an obvious advantage 
in an abrupt chante from a vary short developmental period 
to a Trolonged di'pauae, The change occurs earlier for the 
larv&e than the Ry-pkte. 	In similar observations on a 
Karelian population of I. ricinus Kheiein (1954) found rapid 
development (at 17 to 23 °C.) in a proportion of the August 
larvae and diapause in the remainder. 
A difference between the snring larvae confined in tubes 
and those collected at the vegetation tips was noted with 
regard to the minimum duration of the pre-moult. For the 
free larvae the minimum fell from 23 to 19 days from April to 
May; in the confined it remained from March to May at 20 days 
(Figure 7). 
The combined data on diapause incidence and minimum dura-
tion of the pre-moult confirmed the view that development tS 
characteristic of the seasonal experience of the hungry larvae 
irrespective of their season of origin. Thus spring larvae 
fed in autumn had a high diapause incidence and a prolonged 
pre-moult and autumn larvae the reverse when fed in spring 
(Figure 7). 
3. The interaction of temperature and daylezigth on develop-
ment of engorged larvae and nymphs. 
Without asing multiplicity of temperature and light 
regimes it was possible to show that high temperatures and long 
days prevented absolute diapause and low temperatures and short 
days favoured it. 	A comparison between development of spring 
and autumn nymphs is given in Tables 4  and 5. 
35 
Table k. 
36. 
T3TAL %INMOULT FdA.3E AT ; 	1 DATE IrLUMBER 
COLLECTED 10°C 15°c 18.5°C 230C 
let 
.5ring 
May, 196E 25-50 96 100 
I 
100 luo 
Autumn - 
25th July 196 22 - 5 95 100 
27th Sept. " I 	25 - 50 100 100 
17th Oct. 	" jL ° L_J 100 100 
Table 5. 	ie 1nteraciOfl 01 	 '- 
p. lode (LD 114:10 to LD 10:114) on the deve1oment 
J sjring and autumn .Lerthshire nymph. 
DATE 	 TL1I1j v 	iMCL1UtZr 1PliAZi AT; 
t,OLLECTED 	 15°C 18.51'C 230C 
LD 1140 LD 12:12 LD 10:1k 
spring 	- 
	
let May 1966 25-50 	30 	88 	96 
Aütun 	 - 
27th Sept. 196 	25 	0 	 0 	35 
17th Oct. 196 21 0 10 188 
Few nymphs of a typical spring population (1st May 1966) 
were 'La diapause at 100C and a long photoperiod (LD 18:6) 
whereas absolute diapause was broken intautumn nymphs only at 
18.50C and above. 	The duration of the pre-moult was still 
prolonged at 18.5°C, up to 50 days for the September nymphs, 
but a maximum of only 26 days in May. 
At short photoperiods a small proportion even of spring 
nymphs were in absolute diapause at high temperatures (Table 5). 
In autumn this proportion was much greater. 	The distinction 
between spring and autumn populations reported by Campbell 
(1948) is maintained here but the lower limiting temperature 
for development is also dependent on the photoperiodic 
conditions after engorgement. 
/Short photoperiods 
Short photoperlode not only maintain diapause, but tend to 
induce it directly, whetherthe Incubation temperature or prior 
experience of the ticks favours diapause or not.(lat May popu- 
lation, Table 5). 	Conversely long days tend to break absolute 
diapause when other factors favour It (Table It). 	In the silk- 
worm Antherea pernyl Williams and Adkisson (1964) found that 
diapause could be maintained by the direct action of short days 
on chilled or unchilled pupae and averted by the direct action 
of long days. 	Apparently the diepausing stages of some arthro- 
pods respond to daylength in muehthe same. way as the earlier 
'sensitive stages, 
In the data fcir L. ricinus there was not a sufficient range 
of short photoporiods to determine the exact relationship bet-
weon toLperature and short days. 	In the autumn nymphs kept at 
a low temperature (15 °C) dlapause was manifest in the majority 
irrespective of the photoperiod. 	In sprint, a temperature close 
to the threshold for development (10°C) did not completely 
eliminate the Thotoperiodic response (Table 6). 
Table 6. 	The resonse to Dhotor'erioda in enllorked larvae an 
nyml)h8 cf the !'erthshire 	ulation incubated at 
w temperatures. 
DATE LUMBER 1TALIN MOULT PHASE AT; 
CA,.LICTED di TICtJ. 150C 10°C 
LD 18:6 LD 14:10 L 	18:6 LD 14:10 
21st May 1967 20 nys. 100 80 90 65 
26th June 196 48 lar. j 	100 50 92 13 
Observations on spring ticks at 1C0C ave some additional 
information on the seasonal characteristics of development. 
The minimum duration of the pre-moult was shortest in Peebleahir* 
nymphs collected in June. 	Absolute diapause at a long photo- 
period (LD 18:6) appeared as early as April and by the 26th Mr 
/when diapausi 
37. 
when diapause incidence was lowest at 15°C, 19% of the nymphs 
were already unable to develop at 10 °C (Table 7). The lower 
limiting temperature for development begins to rise very early 
in the season, 
Table 7. 	Develop 
and 
ment of Peebleshjre nymphs incubated at 100C 
a long ohotperiod (LD lsz:6). 
DAT. Ak TuTAL , U. 	ULT L-kiA..SAT 10 0CAFTLR; 
COLLLCTED 10 50 75 100 125 
fl 1966 days days days days days 
16th-23rd Mar.i 32 C 0 100 100 
30th April 50  0 0 98 98 98. 26th May  0 if 81 81 81 
6th June 20 0 20 20 20 L 20 
The ear--' 	pearance of diapause at 100C was also found 
for the larv; nly 3.1% of those fed on the 3rd July entered 
the moult phase while at 15°C diapause incidence was still low 
(24%) (Table 8). 
Table 8. 	Development of tubed field larvae incubated at 10°C 
a lone DhOtpperjgd (LD 18:(,). 
LA'L 	 lulAl, , 1i MulJiii iAL AFTER MINIMUM 
150 LAYS AT 100C LD 18:6 	1, URATI 
IN 1966 	 OF ThE 
k11-A1CLT 
 
23rd March 	52 	 100 	
IN DAYS 
145-55 
11th May 133 96 k5- 3rd July 	790 	 3.1 	 95 
The seaeonal temperature relations of nymphal development 
at a 'r phc)toperiod are summarised in Figure E. 	The graph 
merely indic&tes the seasonal chance and includes data from 
collections made in Peebleshire in spring 1966 and Perthshire 
in autumn 1965. 
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Figure 8. 	: temperature relations of spring and autumn nymphs 
ke;t at an 1E., hour photoperiod after feeding. Spring ticks were 
:oilected in Peebleshire 1966, autumn ticks in Perthshire, 1965. 
1+. Summary of the observations on the seasonal rhythm of 
development in larvae and nymphs. 
:Le absence of a more complete range of temperatures and 
photoperiods has tended to obscure the temperature and photo-
periodic relations of the engorged ticks. 
It is pos ihie that with the rise in lower limiting tempera-
ture during spring and summer there is a rise in the temperature 
at which the threshold photorcriod is clearly defined. 	Towards 
the lower limiting temperature diapause would appear at long 
days, and at high temperatures diapauae would be prevented at 
short days; both would tend to obscure the threshold. 	For 
example the majority of nymphs collected in October 1965 were 
in diapause at 15 °C, at 18.50C there was a threshold period 
between 18 and 12 hours of light per day, but at 2
0C the three-
hold was again obscure, the majority entering the moult phase 
at a short photoperiod (Tables k and 5). 	Determination of the 
threshold value at a constant temperature (15°C) would show an 
increase in diapause incidence and threshold photoperiod as the 
lower liiiting temperature rose to approach this temperature 
KC 
(15
0
c1 Lnopring and summer montnc. Conversely incidence and 
threa. ±d (at 15°C) would fall from autumn to spring as the 
lower limiting temperature falls from 15°C to bc.i.ow 10 °C. 
It Is true that within many populations a shift in the 
threshold can be expected at higher incubation temperatures. 
For example, of the nymphs collected in Perthshire on the 28th 
May, 1966 9 only 1+ 6% enter 
hour photoperiod, whereas 
16 hours of light per day 
moult phase at 18, 16 and 
d the moult phase at 10 0C and an 18 
the threshold photoperiod was below 
at 15°C. The tokal percentages in 
11+ hours of light per day were 100, 
76 and 28 per cet 
39. 
kG 
76, and 28 per cent respectively. 	Nevertheless the results 
were sufficiently comprehensive to show that a rising tempera-
ture requirement for development and for determination of a 
sharply defined threshold photoperiod were not adequate explana-
tions for the seasonal changes observed. The lower limiting 
temprattre at a phot:period of 18 hours per day was clearly 
rising for the Peebleshire nymphs collected in spring 1966 
(8iure 8). 	Vhile the threshold photoperiod was well defined 
between 16 and 14 hours of light per day at 15°C In the early 
nymphs (March-April), it became obscured on the 26th May, not 
by the appearance of diapause but the reverse, an absence of 
diapause at short photoperiods (Figure ti-). By the 6th June the 
threshold was ill-defined, but individuals in absolute diapause 
were found at all photoperlods. There was no indication of c 
sharp threshold at 10, 15° or 18.5°C. 	The total in moult 
phase at 10°C and 18 hours of light per day was 20%; at 15°C and 
18, 16 and 14 hours of light per day it was 80%, 5% and 12% 
respectivley; at 18.5°C and 18 and 12 hours of light per day 
it was 100% and 65% respectively. 
The criteria which have been used to describe development 
at 15°C, diapause incidence, threshold photoperiod and minimum 
duration of the pre-moult all achieved their highest levels some 
time in autun:n. 	1'1e lower limiting temperature for development 
was higher for larvae in July- and for nymphs frm July to 
September. 	fbese diapau3e phenomena reached tieir lowest 
levels in : -­ring and rise again in early summer. 	The lower 
limiting temperature was already higher for some of the nymphs 
/fed in 
fed in April and the larvae fed in May. 	Iho diapause incidence 
rose sharply in June for the nymphs aid in July for the larvae. 
The duration of the pre-moult in June and July was as short or 
shorter than earlier fed ticks; only in late July was the pre-
moult prolonged. 
5, 	eason:l changes in the duration f the pre-oviposition and  
embryonic periods at different temperatures and day).engthe. 
'  	
rO .i 	 , 	 . 	j 	and 
18,50C was not influenced by the length of the photoperiod. 
A delay associated with the summer and autumn experience of 
hungry adults was consistently found at an incubation tempera-
ture of 15°C. Females collected in Perthshire on the 13th N 
1966 began laying after 13 to 13 day.. When collected on the 
2th June oviposition began after 22 to 26 days and on the 
22nd July after 1E-44 days. 	In each collection from 22 to 28 
females wt- r' observed. These results are entirely in agreement 
with Campbell's extensive data for collections made in 1945 
(Campbell 1946). 
The influer.ce of daylength on the duration of embryonic 
development was somewhat enigmatic. Weekly batches of eggs 
were laid at 150C by females collected in Peebleahire on the 
6th !pri1 1965. The first larvae emerged after £8 to 68 days 
(Figure 9). 	In all ege incubated at a Long photoperiod 
(Lb 18:6) or in darkness the first larva, were seen between these 
days, but at short photoperiods (Lb 14:10 and Lb 6:18) larvae 
were not found in many batches until 160 to 170 days after 
laying. Even at 16.5°C a short photoperiod again delayed 
/development 
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:igure 9. 	The i8fluence of daylength on the duration of embryonic 
evelopment at 15 C. Both the engorged females and their eggs were 
incubated at the same photoperiod. 
Egg batches were separated from the females every week and the 
parent number is given at the bottom of the histograms. 
TT vre collected in Peebleshire 6--65. 
development (Figure 10). At both temperature, the whole period 
from engorgement of the females to the emergence of the larvae 
was under the same light conditions. 	he p11otoperod may have 
been recognised by the female or by the embryo, 	In experiments 
with later collections, eggs which were laid at a short phot o- 
period (LD 14:10) were moved immediately to a long photoperiod 
(LD 18:6). 	Although a delay was found in some batches at ahot't 
days, t:. responSe was tgo Inconsistent to distinujh between 
these and the eggs transferred to long days, 	Development of 
spriig eggs at short day conditions is shown in Figures 11, l 
and l, 
Recent evidence has shown that diapaus* occurred during 
early embryonic development, 	ge were delayed In a stage of 
early blastoderm formation (Kemp 1967) approximating to 1agnerb 
stages 1C.-.12 in the embryonic development of Ixodes Calcaratus 
Birula, 1 94 (a Bco:ilus annulatus (Say, 1821)), Wagner (1894). 
It so.:. un1i:e1y tt at this early stage the embryo could 
rest'. nd t. Layic 'igth conditions and a more plausible explanation 
would be for the control of spring diapause to reside within 
the maternal generation, 
The midsummer experience of the unfed adult certainly inf-
luences development of their eggs. 	Larvae began to emerge after 
61 to 68 days at 15 °C in the majority of e~jg batches laid by 
females collected in Perthshire on the 13th May 1966. Females 
which were delayed in feeding until the 2th June laid eggs 
with a prolonged diapause, larvae emerging after 122 to 182 days 
(Figure 13). These females were undoubtedly delayed spring 
/ticks 
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Figure 10. The infuence of daylength on the duration of 	brni/; 
development at 18.5 C. Both the engorged females and their eggs 
were incubated at the same photoperiod. Egg batches were separated 
from the females each week, and the parent number is given at the 
bottom of the hIstograms. 
EnLorEe-t females were collected in Peebleshjre 6-4-65. 
tick; tue first autumn ticks to emerge in the field in 1966 
and 1967 were larvae at the end of June 1967 and nymphs and 
adults in July 1966. 	Campbell (1948) did not find autumn 
adults ready to feed until the end of July. 
Diapauee occurred in the majority of egg batches laid by 
females colLected in autumn 1965 and 1966 (Figures 12 and 15). 
The size of the samples was too small and diapause too variable 
to permit an analysis of the pre-feeding seasonal cr Jost-
feeding photoperjodjc influence on development. 
A consistent and prolonged embryonic diapause is associated 
with the autumn compared with the early spring experience of the 
unfed adults. 	Unlike the larvae and nymphs there was no 
tendency for a lonE photoperiod (LD 186) to break diapause in 
autumn eggs incubated at 15°C. 
In direct contrast with the.1 arvae and nymphautumn 
uiapause was virtually absent in eggs which were laid and 
incubated at 100C, Larvae began to emerge after 235 to 261 
days (mean 	days) in 16 egg batches incubated at 100C and 
a long photoperiod, LL .L..1:6. At a short pliotoperiod LD 14:10 
emergence from 16 batches began between 235 and 268 days (mean 
246 days). All 32 females were collected on the 22nd July 
1966. In 30 egg batches from spring females incubated at 100C 
and a iong photoperiod emergence of the first larvae was found 
between 197 and 256 days (mean 228.8 days). 
This result is consistent with Campbell's data for 19459 
when the prolongation of autumn embryonic development never 
exceeded 12 of the incubation period for spring eggs laid and 
incubated at 10°C. 	 ection IV 
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Figur8 12. , comparison of spring and autumn embryonic development 
at 15 C and a long (LD 1:6) and a short (LD iL:lO) photoperiod. 
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Figu.r8 13.  A comparison of spring and autumn embryonic development 
t 15 C and a long (LD 18:6) and 	short (LD lLf:lO) photoporiod. f%. 
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Iv 
THE DE1'EM)LCE OF DEVELO?VEi'T IN LABORATORY REARED TICKS ON THE 
£'kNPERATLRE AND pHOToPhIODIC CONDITIONS EXPUILiCLD BEFORE AND 
AFTER FEEDING 
1. The resnonse to jong and short days experienced by unfed 
larvae and nvrnDhs. 
Spring females were incubated at 15 °C and an 18 hour photo-
period. 	Their larvae were fed 4  to 40 weeks after emergence 
and again incubated at 15 0 C. 	The 4 week old larvae ad a lower 
incidence of diapause than the 12 week or older larvae (Figure 
14). 	More striking was the very short pre-moult in the youngest 
group, a minimum of 18 days, comparable with the spring field 
ticks with a minimum of 19 to 20 days. 	There was in all age 
groups a high diapause incidence, 67 to 83.3%; spring field 
larva: ranged from 12% to 24%. 
Diapause was most strongly expressed after 12 weks 
experience of long days (83.3%) and fell gradually to 68.7% 
after 40 weeks exposure. 	Few larvae were fed successfully 
earlier than 4 weeks and few survived longer than 40 weeks. 
Substantially the same results were obtained when these 
experiments were repeated using larvae from autumn females or 
larvae reared for one generation at 15°C in the laboratory 
(Figures 15 and 16). 	There was a greater distinction between 
the younger and older larvae in these populations, bit the 
incidence of diapause was still far higher than in the minimum 
found in the field ticks 444.7% compared with 11%). 
There was a tendency for diapause induction to break down 
after one generation in the laboratory. The last graph in 
Figure 16 shows the relative absence of diapause in 12 week old 
/larvae 
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Figure 14. Develoonent at lr°C  of larvae derived from sping collecte 
females. The larvae experienced from L to 1+0 weeks at 15'C LD 18:6 
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Figure 16. Deve1otnent at 15°C of larvae derived from ticks reared 
in the laboratory for one generation  0 (reared at 15 C). The larvae 
experienced from i to 32 weeks at 15 C LD 18:6. The last gras show 
the lower dlapause incid:nce in some of these populations. 
Lf 5, 
larvae of a different first generation population. 
Spontaneous recovery from diapause was quite common in some 
of these larvae. 	The first graph in Figure 15 gives the per- 
centages which eventually entered the moult phase. 
Conditioning the larvae at a short photoperiod (LD 6:18) 
had quite a different effect on development. 	In the spring 
derived larvae there was a progressive decline in diapause 
incidence and threshold photoperiod with increasing exoo8ure 
(Figure 17). 	The minimum duration of the pre-moult was invar- 
iably prolonged (30-44 days). 	However diapause incidence fell 
to comparable levels with the spring field populations (i.e. 
6714 compared with 11%) and the threshold fell below 14 hours 
of light per day. 
A repeat of this experiment using larvae from autumn 
females gave a less satisfactory result (Figure 18). 	The 
larvae fed after k weelo experience already had & relatively -
low incidence of diapause, and this did not decline progressi-
vely with increasing experience of short days. 
A short photoperiod of 14 hours per day was also effective 
in lowering diapause incidence (Figure 19). 
An improvement was found in the larvae derived from spring 
females with an incrcase in the conditioning period from 6 to 
20 weeks but thereafter incidence and duration fluctuated 
although the threshold photoperiod was always below 16 hours 
per day. Larvae from autumn females showed a similar 
improvement with an increase from k to 20 weeks exposure 
(Figure 20). 	 /The diapause 
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The diapause incidence and threshold photoperiods for all 
the larval experiments are summarised in Figure 21. The 
youngest long and short day larvae differed only in the minimum 
duration of the pre-moult. Between the first and second long-
day samples within each population there was invariably an 
Increase in diapause incidence, and in the short day samples 
invariably a decrease. There was at least two hours difference 
in the threshold photoperiod for the older larvae. 
It must be emphasised that these differences obtain only 
at a post-feeding temperature of 15°C. 	At a higher incubation 
temperature few larvae were in diapause after brief exposure 
to long days. Development at 18.5 °C is shown in Table 9 for 
the same long day larvae whose development at 150C Is recorded 
in Figure 14. Diapause was virtually absent In thee younger 
larvae, and the strong tendency for diapause to be broken 
largely obscured the increasing tendency to diapause found at 
a lower incubation temperature. 
prolonged the pre-moult phase. 
Experience of short days still 
Table 9. 	Development of 
fsmal Ps' . 	The 
enured larvae derived from 	orIn 
at 15 C before larvae were coditjpned 
fef,dirnr and incubated 
IDIC LXAIE10ETTAL 
P 
at 15 C,. 
fiiA NIMUM 	- i1i 	i,1'C)UiT AT 15 0C BLFRE FEEDING AFTER 100 DAYS AT 18.5"c DLiATI0N 
,Z TRE PR 	MUV.6- T 
- 	
- 1-D18:6 	LD l212 Ili 10AYS  
LD 18:6 for Lê. weeks 100 86 
LD 18:6 for 24 weeks bC 21 13 
LD 14:10 for k weks 100 18 j 21 
(This experiment was terminated after 100 days, when most of 
the dIapausng individuals had died). 
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In laboratory reared ticks, only larvae conditioned for 
many weeks at short days showed appreciable development alter 
20C days incubation at 10°C and an 18 hour photóperiod (Table ic). 
Recovery from diapause was frequently found after about 25C days 
irreepsctive of prior conditicing. 
Table ic, 	 ant of Qn AfegeiRoldiff jTVrIgjo at umn 
before feeding and incubated at 10'-'C. 
U1'JRi0DIC 	'LRIiCE I TiJAL -L, 11 14UULT 
AT 15 0C 5LFk4L FkiDLG jAFTER 200 DAYS AT
D TuE 
---'---------- 	 rRL..) Li L.T 
____ 	 LD 18s6 	 1i DAL 
z weeks atLD 1 : 	 0 230-240 
24 H H H H 0 	 240-266 
11 weeks at LD 14:10 	 0 
24 69 
Li. weeks at LD 6:18 	J 0 
24 	it 	ti 	ii II 	 82 
220-230 
118 
209-216 
105 
The results at an incubation temperature of 100C supported 
the conclusion that prolonged short day conditioning lowers 
diapause incidence and also the lower limiting temperature for 
development. 
The threshold in the response of Lnfed larvae to photo-
period lies between 16 and 14 hours of light per day. After 
8 weeks experience of a 16 hour photoperiod, diapause incidence 
was high (65,3%) and the minimum duration of the pre.-moult very 
short, 19 days (Figure 22). 	Development was characteristic 
for larvae exposed to long days. Prolonged experience of total 
darkness was similar in effect to short days, the pre-moult was 
delayed (minimum 28 days) and diapause incidence low (36.7%) 
/(Figure 22) 
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aph 2. Development at 15 C of larvae conditioned before feeding for .52eeks at 15 1. fD 0:24. 
(Figure 22). 
Laboratory reared nymphs had a higher temperature threshold 
than the larvae. 	I y:phs which emerged from spring larvae at 
long days were conditioned for 4 to 24 weeks before feeding. 
Diapause was strongly manifest in all ticks incubated at 15 0C; 
only at an iF hour photoperiod did a nuber of nymphs enter the 
moult phase. 	The minimum duration of the pre-moult was 118 
days (Table 11). 
Table 11. 	Davalciniient of enonrffad 
SOA 	"W4 
LURA1lOII OF I NUMBER TOTAL 	L 	Ill iiLiuA. UV IL  
EXPOSURE TO I AFER 200 DAYS AT15 °c DURATION LD 18:6 AT AND LD 18:6 OF THE 
15 °c BEFORE PRE-MOULT 
IN DAYS 
4 weeks 28 65 152 
6 	" 25 0 - 
8 20 20 169 
24 	" 	J 31 16 137 
Nymphs which were derived from autumn larvae experienced 
6-and  16 weeks of long days and were incubated at 15 0C and 
18.50C after feeding. Again few ticks developed at 150C but 
in both groups absolute diapause was broken at 16.50C(Table 12). 
Table 12, Development of enorged nYmohe at l °C and 18.5 0C 
were derived from autumn larvae and 
exoerlenced 
before 
6 and 16 weeks at a long nhotooeriod 
feeding. 
DUJJITI 	F NUMBER TOTAL ; 	IN MOULT 2IIASE AFi 	ii: 	DAYS AT; MTh.LMUM EX4 	IE 110 I DURATION 
ID 18:6 AT I OF THE 
15 0C 3JF0EE I PNL4uULT 
FLE.DLNG 15°C LD 18:6 18.5°C LD 18:6118.5°c LD 12:12 AT 18.5°C 
- -L --- 	 I IND LD18:6 
6 weeks 31 0 	 97 	I 5 days 16 24 0 96 J O 25 
/(The experiment 
(The experiment was terminated after 100 days; many nymphs 
died at the higher temperature after this tdnue.) 
An increasing tendency to diapause after prolonged 
experience of long days was not revealed at an incubation 
temperature of 150C (Table 11) and there were too few experiments 
at the higher temperature to draw any conclusions on the simi-
larity between larvae and nymphs on this point. 	At 18.5°C 
absolute diapause was broken in both young and old nymphs, 
the post-feeding photoperiod again Influenced development. 
Nymphs which fed k to 6 weeks after emergence at short 
day conditions also had a high Incidence of diapause (Table 13). 
 
Table 13. 
ORIGIN PHOQOPERIODIC 	NUMBER TOTAL % IN MOULT MINIMUM 	- 
I CONDITIONS PHASE AFTER 200 DURATION 
I AT 150C BEFORE DAYS AT 15 °C LD 18:6 OF THE 
- FEEDING PRE-MOULT 
Autumn - - 
larvae 4-6 weeks at LD 6:18 	34 1 15 93 days 
I 
	
larvae 4-6 weeks at LD 14:10 	28 53 96 	" 
_ - 
Prolonged exposure of these same populations lowered the 
incidence of diapau.se at 15°C almost to spring field levels; 
27.7% after 24 weeks at LD 6:8 and 33.3% after 24 we€ks at 
LD lk:lO (Figure 23). 	Total darkness was less effective than 
short days (diapause incidence 6%), but was nearer to the short 
than the long day response (Figure 23). 
The threshold between the long and short day response was 
again between 16 and 14 hours of light per day. After 24 
/weeks 
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weeks at a 16 hour photoperiod diapause incidence was 90% and 
the minimum duration of the pre-moult 61 days. 
2. The interaction of temperature and photoperiod in diapause 
induction. 
When pre-oviposition, oviposition and embryonic develop-
ment were allowed to proceed slowly at 100C the first larvae 
began to emerge 200 days or more after laying. They were 
unwilling to attach but after 6-8 weeks a small part of the 
population fed successfully. 	Farther batches derived from 
the same spring population of females were fed after 12 and 
24 weeks conditIonIng. There was virtually no difference 
after experience of a long (La 18:6) or a short (LD 14:10) 
photoperiod (Figure 24). The early 6-8 week larvae condi- 
tioned at LD 18:6 did have a higher incidence of diapause than 
their short day fellows (80% compared with 1+8.3%). 	But after 
24 weeks exposure these fell to 30% anf7 25.7% respectively. 
The influence of long day conditioning at 10°C was very diffe-
rent from its effect at 15°C, diapause incidence was low and 
the pre-moult never less than 25 days. 	Presumably photo- 
periods were not recognised or the low temperature had a 
stronger counter effect. 
Larvae which experienced a long photoperiod at 23 0C and 
18.5 0C again had a high incidence of diapaae at 15 0C (Figures 
25 and 26). 	The larvae were derived from the same population 
which were conditioned at 15°C (Figure 14). 	The results were 
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Figure 2 )+, 	Graphs -3. Development at 150C  of larvae conditioned 
before feeding at 10 -C, LL 18:6, for 6 to 2 weeks. 
Grehs 	. Development at 15 C of larvae conditioied 
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substantially the same after long day conditioning at 15 0C, 
18.5 0c or 23 0C. 	Larvae at the higher temperatures were ready 
to feed earlier than at 15°C, aWt different spring populations 
have been fed only 3 to  1+ weeks after emerging. 	Diapause 
incidence was lower but never less than 469. 	First generation  
laboratory larvae were again rather variable; the last graph 
in Figure 25 shows the lower Incidence and short pre-moult for 	* 
11 larvae conditioned at 	.C. 	 - 
A short photoperlod (LD 12:12) was still effective in 
lowering dianause incidence even when combined with a higher 
temperature (18.5 0C) (Figure 25, broken line graph). 
It is interesting to compare the diapause incidence after 
prolonged conditioning at different temperature and light 
regimes. 	The combined data for larvae derived frou. spring and 
autumn adults is summarised in Figure 27, and only the results 
for larvae in the age groups between 12 and 21+ weeks were 
recorded. 	The response superf-icially resembles that of short 
day insects, low temperatures and short days averting diapause. 
When the younger larvae are considered, diapause incidence is 
much the same under long and short days and the minimum 
duration of the pre-moult prolonged in the latter. 	Clearly 
the response in I. ricinus is not strictly analogous with 
short diy insects. 
lw te'"'orritires a1io - revented di ar - C 	UuctLc In IAe 
nymphs. 	At 10°C nymphs were difficult to feed 1+ to 8 weeks 
after emergence, and in many cases they were deformed or failed 
to break out of the olJ larval cuticle. 	An accumulation of 
- 	 /12-16 week old 
- r 
Figure 27. 	A summary of the temperature and photoperiodic 
relations of larvae derived fvom spring and autumn femles.  
The laSvae  were conditioned before feeding at 10 C, 15 C, 18.5 C 
and 23 C and at both long (open circles) and short photoperiods 
(closed circles). f2.tI1- weeko(A Larvo. 
Figure 28. 	Development at 15 0C 0of nymphs conditioned before 
- 	feeding for 12 to 16 weeks at 10 C and a long (LD 18:6) or short 
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12-16 week old nymphs were eventually fed and their development 
at 15°C is shown in Figure 28. 	There were indications, for 
example the shorter pre-moult and higher diapause incidence after 
long days, that photoperiods are still recognised at 10 °C. 
The low temperature was clearly of overriding importance. 
A few experiments at higher temperatures indicated little  
change in the response found at 15°C (Table 14). 	A short photo- 
period LD 12:12 at 18.5°C effectively lowered the proportion in 
absolute diapause. The percentage in diapause was higher than 
after short days at 15 °C (Figure 23), but the nymphs were derived 
from a different popu.ation and such comparisons were unreliable. 
Table 14. Development of engorged nymphs at 15°C.. The nvmths 
were derived from string gield larvae and were con- 
ditioned at 18.5 C and 2 -" "G. 
- - PRE_DIG 1: L 	AL ; 	IN 
EXERIEiCE M06 !-.T PHASE DURATION 
AFl 	2J0 DAYS OF TkE 
AT 15° C LD 18:6 PRE-MOULT 
DAYS 
4 weeks at 18,5°C LD 18:6 
-. 
23 0 - 
6 	" 	 " " 	 " 	 " 25 12 156 
24 " " ' I 23 17 168 
24 weeks at 23 °C LD 18:6 22 13 71 
24 weeks at 18.5°C LD 12:12 22 68 35 
These experiments were not conducted at a suitable tempera-
ture to indicate an increase in diapause incidence with 
experience of higher temperatures or longer exposures to an 18 
hour photoperiod. The diapause phenomenon appears to increase 
in intensity with continuous laboratory rearing under these 
conditions. 	Loew (1964) kept all stages of I. ricinue at tocni 
temperatures and long photoperioda, and he noticed over the 
/first three 
52. 
first three Lenerations that there was a "progressive physio-
logical weakening of the ticks'. This was expressed by a 
"hthren Abster.berate während und nach dem aaugakt, in elner 
grtsseren zeitlichen Streuung des Schl%Ipftermines und in e1 -iem 
sich a11rihlich steigernden Prozentsatz der tberlagernden 
Stadien ?, (Loww 196,page 11). 	In a Scottish population of 
this tick earlier results showed that given long 	' c:dttiOfls 
(LD 18:6) absolutc diapause in 'autumn nymphs was 	V 	a 
temperature of 18.5°C. 	After rearing ticks continuously at 
23 0C and LD 18:6 in experiments similar to Loew's, the majority 
of first generation nym; 	(70% in a population of 146 nymphs) 
moulted to adults. 	Both the first and second generations were 
fed one month after emerging, but in the second generation only 
26.3 from a total of 11. nymphe moulted to adults. 	Vhen the 
temperature was raised to 25 °C a farther 21 emerged but many 
were still in the pre-moult 65 days after the rise in tempera- 
ture and all eventually died in this stage. 	Some of the adults 
fed successfully but either died before ovipositing or laid egg 
batches from which few larvae emerged. 
High temperatures and a long photoperiod were suitable for 
breaking diapaune in engorged ticks, but the cumulative 
experience increased diapau; e intensity until the majority of 
nymphs were in absolute diapause even at 25°C and a long photo-
period. 
The combined attributes of May collected ticks, low dia-
pause incidence, short pre-moult and a low limiting temperature, 
ave not been reproduced in the laboratory experiments at 
/biokinet ic 
53' 
biokinetic temperatures. several authors have found that the 
winter experience of u.nfed ticks lowered the intensity of ciia- 
- 	 C 	 - 
Kheisin 19514). 	Joy ! rv, 	dall (1963) found some improvement 
in the laboratory rearing of L. ricinu8 after conditioning flat 
ticks at low temperatures. 
Chilling flat ticks at 2-5 0C in the laboratory wa a close 
approximation to winter conditions. 	In the field a mean 
0 	0 temperature between 0 C to 5 0C was found under vegetation for 	 •' 
2 to 41 winter months during 5 years of recording (Campbell 19148). 
3. 	Elimination of diapause after conditioning unfed larvae and 
nymphs at low temperatures and skiort photoperiods follod 
by higher temperatures and long photoperiods. 
Chilling hungry larvae and nymph. at 2-5 0C in the dark was 
slie;htly more effective than short photoperiode in lowering 
diapause incidence. Larvae and nymphs of spring origin were 
kept for 14 weeks at 150C and a short photooeriod LD 114:10, half 
of each population were then chilled and the rest were left in 
short days. Larvae were chilled for 12 weeks, nymphs foe 20 
weeks and were then fed together with their respective short- 
day groups. Chilled tick, were warmed for a fiw hours at 15C 
to recover from chill torr, nd then put 0:. t 	1.t. 	Dia 
pause incidence was low after chilling (Figure 29) and slightly 
lower than in the ticks conditioned at short days (broken line 
graphs). The minimum duration of the pre-moult in larvae and 
/nymphs 
•1 
Figure 29. Graph 1. Development oat 15°C of larvae conditioned 
before feeding for 16 weka at 15 C l LD 14:10 (broken lne graph). 
Larvae of the same population experiences 14 weeks at 15 C LD 14:10 
before being chilled for 12 weeks at 2-5 C in the dark (full line 
graph). 
Graph 2. In similar experiments unfed nymphs experienced 24 weeks 
at 150c and 	14:10 (broken line) or only 4 weeks followed by 20 
weeks at 2-5 C in the dark (full line) before feE ding. 
Iigure30. Developm8nt at 150C  of nymphs which experienced before 
feediiñg 6 weeks at 15 C, LD 6:18 followed by 5 weeks at LD 18:6 
(broken line graph). Other nymphs of the earns population experiencec.  
12. weeks of the short day conditions followed by 5 weeks of the long 
(tull line graph). 
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nymphs chilled for up to 20 weeks was never less than 28 days. 
Chilling alone does not account for all the characteristics 
of spring development. 	In the laboratory a close approximation 
was found only when roionged conditioning at low temperatures 
or short days was followed by relatively brief exposure of the 
flat ticks to long days at 15°C and above. 	In an experiment 
with nymphs, a spring population was conditioned at a 6 hour 
photoperiod for 6 and 12 weeks and then kept at an 18 hour photo-
period for a farther 5 weeks before feeding. The minimum 
duration of the pre-moult phase (21 days) was less than expected 
from short day conditioning (minimum 29 days) (Figure 30). 
The diapause incidence was lower after the longer conditioning 
at a short photoperiod, 
Conditioning at low temperatures followed by a long photo-
period gave a similar result. 
The time required at lower temperatures has not been criti-
cally determined, but as in the previous experiment a few weeks 
were not sufficient. 	Nymphs emerging from spring larvae at 
15 0C were put to 2-5 0C in the dark for 6 weeks, followed by 5 
weeks at 15°C and a long photoperiod (LD 18:6). 	No marked 
Improvement in development was found when compared with nymphs 
which had never been chilled. (Section IV,l). 	After feeding 
none entered the moult phase in less than 80 days at 150GT. 
If conditioning was prolonged, 2-5°C in the dark was more 
effective than darkness at higher ter"eratures, 	Newly emerged 
nymphs at 15°C and an 18 hour photoperiod were put to 15°C, 
100C and 2-5°C in the dark for 20 weeks, and then returned to 
/the original 
55' 
56.. 
the original conditions for 5 weeks before feeding. 	Diapause 
incidence and duration of the pre-moult declined progressively 
with the decline in conditioning temperature from 15°C to 2-5°C 
(Figure 31). 
In a direct comparison of chilling with conditioning at a 
short pnotoperiod, the former was only slightly more advan-
tageous. Newly emerging nymphs were chilled for 16 weeks at 
2-5 0C in darkness or kept at 15 C and a 6 hour photoperiod. 
Both groups then experienced 6 weeks at 15°C and 18 hours of 
light per day before feeding. 	Diapause incidence was lower in 
the previously chilled ticks, 21,7% compared with 35%,and the 
pre-moult shorter, minimum 16 compared with 18 days (Figure 31, 
last graph). 
In the chilled nymphs dlapause incidence and duration of 
the pre-moult were comparable with the lowest levels found in 
spring field ticks (Figures 2 and 3). 
For the larvae, earlier results (Section IV, l.) indicated 
that conditioning prior to experience of long days was not 
essential when post-feeding development proceeds at 15°C. 	Dia- 
pause incidence was relatively low (44,7%) and the minimum pre-
moult short (20 days) in some larval populations experiencing 
only L. wekka of long days prior to feeding. 	In the more 
limiting conditions imposed by a lower incubation temperature 
(100C) these larvae failed to enter the moult phase. 	When 
comparing pre-feed conditioning at low temperatures and short 
photoperiods, larvae were incubated at both 15°C and 10°C 
/after feeding. 
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after feding. 
If experience of long days was postponed until immediately 
after the larvae emerged, diapause incidence was lower than for 
larvae which experienced only long days during embryonic and 
later development. 
Larvae which were kept during embryonic development at 15 °C 
and £ hours of light per day were moved on emerging to an 18 
hour photoperiod. 	Diapause incidence was lower at an incubation 
temperature of 15 °C than for larvae of the same spring popu-
lation which experience only an 18 hour photoperiod (Figure 32). 
Both groups were fed after 5 weeks at long days. 
This experiment has been repeated with another population 
and gave the same result. 	Presumably the photoperiod Is 
recognised by the embryo and either short days have a condition-
ing effect prior to emergence or the rise in diapause incidence 
associated with increasing exposure to long days, is delayed. 
BotY, factors could be operating. 
At a lower post-feeding temperature (10°C), none of the 
larvae which experienced .short days in the egg, developed in 
less than 180 days. 	Incubation at this temperature demons- 
trated the advantage of prolonged pre-Ned conditioning at low 
temperatures or short days. 	Larvae which had recently emerged 
were either chilled for 16 weeks or left for this time at 15°C 
and a 6 hour photoperiod. 	Following a farther 5 weeks at 
150C and long days (LD 1 1 :6) the larvae were fed and incubated 
at 10°C and 15 °C, 	The duration of the pre-moult was shorter 
for the chilled ticks, but the proportion in diapause was only 
lees at 100C. (Figure 32). 	Engorged larvae at 100C and 18 
hours of light per day had, condidering the temperature, 
/a short 
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Figure 32. 	Craph 1 tevei:en at 15 ° C of Jarvee ccridLtioned 
before feeding for 5 weeks at 15C LD 18:6 (broken line graph). 
tarva8 of the same population emerged in short das (0 to 3 weeks 
at 15 C LD 6:18), then experienced 5 weka at 15 C LD 18:6 for 5 
weeks before feeding (full ine graph). 
Graph 2. Development at 5 C of larvae conditioned before feeing 
for 16 weeks at either 15 C LD 6:18 (broken line graph) or 2-5 C 
in the dark 0 (full line graph). These larvae then experienced 5 
weeks at 15 C LD 18:6 before feeding. 
Graph 3, Development at o pcst-fee2ing temperature of 10 C of the 
same larvae 	own in Gra;h 2. 
a short pre-moult (between 40-5 days) and only 6% in diapause. 
The unchilled larvae (broken line graph) developed less readiij 
at these conditions. 
The nymphs differ from the larvae in the Greater require-
ment for conditioning it development at a post-feeding tempera- 
ture of 15°C is to proceed with the minimum expression of dia-
pause. 
Lower temperatures were important for the larvae during the 
conditioning period. After 16 weeks at 10 °C or 2-5°C in the 
dark, followed by 6 weeks in long days at 15 0C, the two popu-
lations were compared at 15 0C and 100C after feeding (Figure 33 
graphs A and B). A temperature between 2-5 0C was more effective 
in all resrectR, Incidence 3.7% lower, minimum pre-moult 2 days 
less at 15°C and 70% more in the moult phase at the lower 
temperature, but as with the nymphs conc'itioning at 10 0C was 
effective when post-feeding development proceeded at a higher 
temperature. 
Part of the effect of chilling in the dark mayfbe due to the 
absence of photoperiodic :ecognition. 	nrvae were conditioned 
for 16 weeks at 10 °C and long (LD lo:6) or short (LD 14:10) 
photoperiod. 	73oth groups were then kept at 15 0C and an 18 hour 
photoperiod for 5 weeks before feeding. 	Diapause incidence and 
duration of the pre-moult were almost identical (Figure 33, 
graphs Cand D). 
In this section the irortance of the conditioning period 
has been stressed, Only larvae and nymphs derived from spring 
ticks collected in Perthshire have been used and in each experi- 
/ment only larvae 
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Figure 35. 	Graph A. Leve1oprnen at 15 °C of larvae conditioned 
before 0feeding for 16 weeks at 10 C l LD 0:24 (broken line graph) 
or 2-5 C, LD 	(full line graph). 	These larvae then experienced 
E weeks at 15 C l LD 18:6 before feeding. 
Graph B. Development of these same 0larvae at 10 C after feeding. 
Graphs C and D. Developm9t at 15 C of larvae conditioned before 
feeding for 16 weeks at 10 C and an 18 hour photoperiod (C) or a 0 
14 hour photoperio1.. (D). These larvae experienced 5 wecks at 15 'C, 
LD 18:6 before feeding. 
experiment only larvae from engorged females collected on the 
same day or nymphs from the same batch of larvae have been 
compared. The relatively brief experience of long days after 
the prolonged conditioning period was always between 1+ to 6 
weeks and in each experiment always of the same duration in the 
different groups. There is a progression in the long day 
reaction after chilling, and a better method of comparing the 
different types of conditioning would be to feed ticks after 
increasing experience of long days. 
This progression has only been determined after condition-
ing at 2-5 0C for lZ weeks. 	Larvae were fed directly after 
chilling and in a series after 2. L, 10 and 14 weeks at 15°C 
and an 18 hour photoperiod. Diapause incidence and duration 
of the pre-moult declined from C to 11 weeks experience of long 
days. Thereafter the minimum duration (18 days) remained 
constant but the incidence increased, particularly after 10 
to 14 weeks exposure (Figure 34). 
Chilled nymphs were fed after 2, 6 9 10 and 14 weeks at 
15 0C and 18 hours of light per day. (Figure 35). The pre- 
moult was short and incidence of diapause lower with an increase 
from 2 to 6 weeks at long days. 	Diapause was already strongly 
manifest after 10 weeks, an earlier increase In diapause than 
was found for the larvae. 
Long days after chilling not only reduced the pre-moult 
to a minimum, but diapause Incidence was also lowered. 	These 
improvements after chilling result from recognition of long 
days above 10°C, rather than a response to the increase In 
/ternperatuee. 
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temperatufe. 
Consider 	irst1y the duration of the pre-moult after 
experience of long days at ]J °C, 15°C and 23°C. 	In several 
experiments with larvae of different populations kept at these 
conditions the ticks with the shortest pre-moult were compared 
(Figure 36, graph 1). 	The duration of exposure after chilling 
was 3 weeks at 23 °C and 4 weeks at 10°C and 15C. 	- ore was a 
marked decrease in duration of the pre-moult as Le 	perature 
experienced during long days rose from 10°C to 15°C, but little 
farther change with a rise in temperature to 23 °C. After a 
short photoperiod (LD 14:10) at 15°C, and a long (LD 18:6) or 
short (LD 14:10) photoperiod at 10 °C, the pre-moult was always 
delayed (Figure 36, graphs 1 and 2). 
The diapause incidence was much the same in different 
chilled populations which experience long days at different 
temperatures. 	Larvae which showed tAe lowest diapause incidence 
were exposed to an 18 hour photoperiod at 10°C, 150C, 18.5°C 
and 230C for 8, Li, , 4 and 3 weeks respectively. 	After feeding, 
incidence at 15°C was 201%, 0% 9 12,7, ', jand 16.7. respectively. 
The 150C and 23 0C larvae were also incubated it 10 °C and LD 11:6 
after feeding, and 8% and 23% were in diapause. 	It must be 
admitted that when larvae of mixed origin have ibt ii used the 
results are not always reliable. Also, a complete series of 
larvae at di! ferunt ages have not been obtained at post-chilling 
temperatures other than 15 0C. Tese results nevertheless 
suggest that temperatures of 11.50C and 23 °C were no more 
effective than 15°C. 
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Figure b. The minimum duration of the pre-mot at 	 i. :c. 
Larvae were conditioned before feeding for 16 weeks at 2-5 C in 
the dark. The larvae in0Graph 1. then expeienced n 18 hour photo-
period for 3 weeks at 23 C or 1+ weeks at 15 C or 10 C before feeding. 
rinG2. experienced a 14  hour photoperlod for 4 weeks 
The return of intense diapsuee after 10 to 14 weeks 
experience of long days was not found under short day conditions. 
The reaponse to short pbotoperiode was not greatly affected by 
the previous chilling experience, with an increase from 6 to 14 
weeks at 150C and U) 11*10, diapause incidence in nymphs rose by 
n1y 20% (Figure 37), Larva* had a low percentage in diapau.e, 
even at 100C, when their pre-feeding history included chilling 
followed by 4 or 14 weeks at a 6 hour photoperiod (Figure ic, 
br)tren 1nerphs). 	Larvae which expeienced 14 weeks at 
long days were, as expected, in diapauee (Figur 38)0 
After chilling, 230C and 180C were no more effective than 
150C, but at these higher temperatures nymphal diapause super-
vened 2 to 4 weeks earlier. In a chilled population of nymphs 
fed after 4, 6 and 8 weeke,at 23 0C and LD 18:6, the incidence 
of diapauee was 3393% 9 88.3 and 100% respectively, At least 
10 weeks of long days at 150C were necessary to raise diapate 
incidence to these levels. The progression in the long day'- 
response is apparently completed more rapidly at high temperaurse, 
At a low temperature after chilling it in doubtful if it proceeds 
at all, even after 14 weeks at 100C and LD 18:6 diapause inci-
dence was low (Figure 39), 
Prior to chilling, the photoperiodic threshold in the rea-
ponee of unfed ticks was between 16 and 14 hours of light per 
day, After chilling, 6 weeks experience of a 16 or 14 hour 
photoperiod was compared in an identical population of nymphs. 
(Figure 40). The minimum duration of the pre-moult was only 
19 days after the longer photoperiod and 31 days after the 
/shorter, 
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7. tevelc:uent ct lC cf ny7 ,-)hs conditioned before 
feeding at 250 C In the dark for 114 w8eks, followed by 6 weeks 
(Graph A) or 16 weeks (Graph B) at 15 C and LD 14:10. 	The broken 
line graph shows the development of Itie same populations which 
cxperienced 6 weeks at 1 5 0C and LD 1:6 before feeding. 
Figure 38. 	Develo8rnent at 100C of larvae conditioned before feeding 
for lL weeks at 2-5 C in the dark followed by Lf or 14 weeks at 15 C and 
a long or short photoperiod. Development of larvae experiencing 
a short photoperiod (LL' 	;18) is shown in broken lines. Long 
lH() in full lin€s. 
0, 	 , 	 0 
:L(-ure 9. Lcvlc:)acnt at l C. of nypns c onditioned at &-5 C in 
I ie dark for 16 weeks followed by lLf weeks at 1k.; C 9 LD i:6 before 
± ceding. 
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shorter. 	A 16 hour shotoperiod at 15°C was almost as effectwe 
as 18 hours in the reintroduction of diapausei after an increase 
in ex:osure of chilled nymphs from 6 to 10 weeks diapause 
Incidence rose from 31.9 to 	 'e pre-feeding threshold 
photoperiod is less vulnerable to 	ification as a result of 
prior exl rience, although of course te r€ on e to a fixed 
photoperiod alters with tiie. 
2LiC • revious sections,on laboratory reared ticks, have 
been concerned with the influence of pre-feeding conditions 
in the regulation of diapause in larvae and nymphs. Although 
an intense embryonic diapause is associated with the midsummer 
experience of hungry adults, it has been found difficult to in-
duce diapause in the laboratory under the same conditions ':Lich 
were successful for larvae and nymphs. 	It was difficult 
feed sufficient numbers of adults for tnese experiments. 	he 
longest delays were found in ticks which were reared for one 
generation or more at a high temperature (23 °C) and a long 
photopriod (LD 1:6). 
, 	Lack of response to small daily changes in the photoperiod. 
One of the few arthropods which apparently resods to 
changing photoperiods is the tick L. varLbi]Lc. 	Attachment 
and feeding of larvae and nymphs was most successful after 
experience of Increasing photoperiods and least successful 
after decreasing ones. 	Fixed long or short 1:hctc:erLods were 
intermediate in effect (mIth and Cole 1941. 
/Experiments 
6 . 
Experiments ':it:i tue droonfy 	ax ir erator suggest that 
diapause in the final instar is induced b,y fixed short photo-
periods, or by declining photoperiods irrespective of their 
lengths. 	The absence of diapause is associated with a long 
or increasing photoperiod.(Corbet 1956). 	The results were not 
particularly easy to interpret, but the conclusions concerning 
declining photoperiods may be open to doubt. These started at 
16 hours of light per day, and although this may be a long 
photoperiod his results suggest that an even longer one is 
required to avert diapause. 	His conclusions do not explain 
why larvae In early final 3itive period) in the begin- 
ning of June, enter diapaus 	f very small daily increments 
can not be recognised as he 	- ested, then neither declining 
nor short photoperlodB can be responsible for diapause at this 
time of year. 
In another insect with 	r:longed sensitive stage, the red 
locust Noruadacris sc Lemfas 	tg. 	utur .ur: u:iy f d::: 
was associated with late suser conditions. 	.ur: i  
suggested that declining photoperiods may be responsible. In 
later experiments she found the greatest intensity of diapause 
when fixed long photoperiods were followed by fixed short ones, 
small daily changes were no more effective (Norris 1965). 
I. ricinus hasp in common with these species, slow develop-
ment and a long senAtive stage. 	In the laboratory, larvae 
derived from the same spring stock were chilled for 16 we ka. 
One batch was put to 15°C and a solar photoperiod on the 2nd 
February (light phase 8 hours) and were not fed until the 17th 
/March 
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Figure 141, 	Graph A. Development at 15°C of iarvae chilled at L-50 
in the dark followed by experience of a photoperiOd increasing by 
small daily increments from S hours to 11 hours 50 mine. (broken 
line graph) or from 114 hrs. 5 mine. to 016 hrs. 50 mdns. (full hue 
graph). 	Graph B. Development at 15 C of larvae experiencing 
a photoperiod declining from 17 hours 20 mine, to 114 hrs. 15 mins. 
(broken line :rnph) or 14 hrs. to S hrs. 14C mins. (full line graph). 
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Figure kia. The light regime used in the solar experiments is shop 
above. It 18 close to the natural photoperiod at a latitude of 57 N. 
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March (iiLnt phase 11 hours CJ minutes). 	Their development was 
comparable with larvae which experienced a fixed short photope-
nod after chilling, their rre-moult was nrolonged (28 days) 
(Figure i'l). 	The second batch experienced short photoperiods 
starting on the 27th April (light phase 11+ hours 5 minutes), 
followed by long p otoperiods. 	hey were fed on the 16th June 
(iiht phase 16 hours 50 minutes) and development was no diffe-
rent from chilleL, larvae which experienced fixed long days; 
their minimum pre-moult as only 18 days (Figure 141). 
A similar lack of response was found In declining photo- 
periods. 	Chilled autumn females were put to 15 °C and the solar 
photoperod. 	The first batch of larvae did not begin to emerge 
until the end of June (light phase near to 17 hours 20 minutes), 
and they were fed 8 weeks later on the 26th August (light phase 
14 hours 15 minutes). 	Diapause incidence was high (70.3%) but 
no higher t'an expected from prolonged exposure to a fixed long 
photoperid. 	The second batch did not begin to batch until the 
2th August (light phase 14 hours), and the larvae were fed on 
the 30th October (light phase 8 hours 40 minutes). 	The minimum 
duration of the pre-moult was rather prolonged (40 days) and the 
diapause incidence a little higher (34.3%) than might be expected 
from experience of fixed short day8.(Figure 41). 	1nv:ever this 
result was not sufficiently different to sugret an increase i n 
diapause intensity. 
These experiments were repeated with nymphs kept under 
Increasing and decreasing photoperiods, and the results were 
substantially the same. 	For example, nymphs experienced 
/declining 
ceclinir.L Jctoc,eriocs from the 3Cth June (17 hours 20 minutes) 
to the 16 th August (15 hours) before feeding. 	All were in 
absolute diapause at 15°C, but this was broken for all the 
nymphs at a higher :ost-fer ding temperature, le.50C (and LL: 13: 
6). 	Diapause intensity was no greater than in autumn field 
nymphs or nymphs experiencing fixed long days. 
Phctoperiods changing by sail daily increments are recog-
nised only as short or long photopèriods depending upon the 
absolute length of the light phase. 	Diapause incidence is not 
higher under declining nhotoeriods, nor when long photoperiods 
are followed by short ones (small daily changes across the 
threshold). 	These conclusions are suported by the field 
results; diapause incidence is high in July and August, and 
lower in September. 	.s is also in agreement with Campbell's 
data (Campbell 	. 
There is evidence that larvae of I. ricinus, in some ares 
of its distribut.on, are unwilling to feed when they hatch in 
late autumn. 	No difficulty was found in fe ding larvae wilich 
experience photoperiods equivalent to autumn field condit.r. 
5. 	Does chilling the diapausng ticks influence development 
in the following instars? 
In an earlier section (Ill ) it 	sugested tiat late 
embryos might respond to the daylengUa conditions. 	In the 
field, diapausing embryos and other instars of the autumn popu-
lation exerieace winter conditions of low temperature and short 
days, and after emergence, long days. 	such a sequence of events 
/when experienced 
b5. 
when experienced by unfed ticks, averts diapause. 
Eggs from autumn females were kept under outdoor conditions 
overwinter or at 2-5 °C in darkness for 16 wetks. The eggs 
were recently laid and could not have been in an advanced stace 
of development. 	Ifter chilling, the eggs were incubated at 
15 0C and an 18 hour photoperiod. The larvae were fed after 4 
to 6 weeks and 8 to 10 we:ks in these conditions. 	The over- 
wintering egs were brought in on the 23rd March. 
None of the larvae entered the moult phase in less than 
150 days at 10 °C (LD 18:6). 	At a higher post-feeding tempera- 
ture (15°C) the nre-moult phase was short, minimum 18-21 days, 
but the incir:ence of diapause was very variable. 	In two abo- 
ratory populations and one field opulation it was high (66.6 
to 75.7%), and in one laboratory and one field population low 
(20.7 and 36.3'). 	Larvae which experienced 8to 10 weeks of 
long days invariably had a high incidence of diapause. In 
similar experiments, larvae emerging from chilled eggs were fed 
after 3 to-6 weks at a short photoperiod (LD 6:18 at 15 0 C). 
Diapause incidence was high, 55.5% and 62.7%, and the pre-moult 
delayed, minimum 31 to 35 days. 
The response of unfed larvae to long or short days was only 
s1iht1y modi:1ed by their embryonic experience. 	The incidence 
of diapause in some of the ounge8t1ong day larvae was low. 
In larvae from unchilled autumn r5 it wac not less than L) a 
However, the absence of development at 10 °C and the higher 
incidence in Other populations showed that chilling of the eggs 
had much less iniluence on subsequent development than chi11in 
/01 the larvae. 
66.. 
of the larvae. 
Chilling or overwintering experiencs of engorged larvae 
had no effect on nymphal development. 	Diapausing autumn 
larvae were chilled for 16 weeks at 2-5 °C or kept under natural 
conditions near the laboratory overwinter. 	The larvae, while 
still in the pre-moult, were incubated at 15°C and an 16 hour 
otiotoperiod, and the nymphs fed 6 to 5 weeks after emergence. 
The minimum ore-moult at 15°C was not less than 100 days, but 
again, absolute diapause was broken at 18.5 °C. 
. 	The irreversible nature of diapause after a prolonged pe- 
riod of induction in long days. 
in the ±aboratory, it was difficult to prevent diapause 
:itter 8 weeks exposure of unfed ticks to an 18 hour photo-
eriod. 	Nymphs were kept for 2 or 8 weeks at 15°C and this 
daylength before being chilled for 20 weeks at 2-5°C in the 
Hark. 	lven after this prolonged period of chilling the L week 
Lyrnphs had a high incidence of diapause, 74%. 	For the two 
week nymphs it was much lower, 37.3% (Figure 	). (Pale 7). 
Nymphs which were exposed for only 2 to 3 v,CL:6 were little 
fferent from short day nymphs when favourable conditions; 
followed. 	Starting with the same batch of engorged spring 
larvae, the experimental procedurd shown overleaf was followed. 
67. 
Nymphs emerged at 15 °C LD 1P:6 
and were kept for 3 weeks. 
Fed after 6 
to 150C LD 14:1C 	 weeks at 15°C 
for 5 weeks 	 to 2-5°C in 	 LD 18:6 
darness for 
Nymphs emerged at 15 0C LD 14:11C 	li wees. 
and were kept for 8 weeks. 
Development at 150C after feeding is summarised below. 
Initial experience 	 Diapause incidence 	minimum pro- 
at long days 	 38.5% 	 moult 18 dqrs 
Initial experience 
	
31 .2% 18 days 
only short days 
In the previous sections, ticks with several weeks experience 
of long days have been avoided, but younger individuals have aw 
occasions been used. 
7. Termination of diapause in engorged ticks. 
Diapause in the field must be terminated by winter condit-
ions for development to proceed in the following spring. 
Chilling diapausing ticks in the laboratory at 2-5°C or 100C 
lowered diapause incidence. This was less effective for the 
larvae and nyrThs than overwintering or when chilling was 
followed by long days in the unfed ticks. 
Nymphs collected in Perthshire on the ?th August and 
/22nd September 
68 
22nd So'tember, 1966, were kept at 10°C for two we -cs after 
feeding. 	They were then chilled at 2-5 0C in darkness for 2, 
14 or 5 months, followed by long days at 1
0C. 	The number In 
diapause was owered particularly after 14 months chilling but 
the death rate was high. (Table 15). 
Table 15, 	Development at 15 °C and an 18 hour uhoto 8riod of 
enored crtLsiiIre nymphs chilled at 2-5 C in t.e 
dark. 
Nvmhs collected 27th Auvust. 
DAYS AFTER TOTAL IN TL!LAL DURATION OF 
CHILLING riOULT PHASE DiAD CiiILiIIG 
20 0 1 2 months 
30 0 14 21 nymphs 
140 0 7 
50 0 9 
6; 0 12 
110 0 20 
140 1 1 
50 14 8 
60 8 8 14 months 
70 10 8 20 nymphs 
80 11 8 
110 11 8 
20 0 2 
30 0 5 
140 0 9 5 months 
50 0 9 1 	20 	ymDh5 
60 1 11 
110 18 
110 0 2 Unchilled control 
 27 nymphs 
Nyrnnhs collected 22nd September  
20 0 
30 11 0 
140 13 2 1 	months 
50 15 2 23 nymha 
60 17 6 
60 0 0 control 1 jUnchilled 
0 nymphs. 
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1)apause was terminated by chilling for some of the nymphs 
but the duration of the pre-moult was still prolonged compared 
with Perthshire nyzphs. Of the 22nd September nymphs chilled 
for k months, 56.5% were in moult phase after 10 days. 	By this 
day, 95.5% of the 1st May population were in the moult-phase. 
Development after chilling is still under photoperiodic 
control. 	In the experiments recorded in Table 15, equal num- 
bers of nymphs were kept at 15°C and short photoperiod (LD 6:18) 9 
arid all remained in absolute diapause. 
The high death rate and poor results from these experiments 
suggest that the chilling has been experienced too soon, that 
is, before diapause has actually been established. 	The same 
nymphs collected on the 2nd September were kept at a higher 
temperature (15°C) and a short potoperiod (LD 14:10) for one 
month before chi1lin. 	After L- months at 2-50C in the dark, 
30 nymphs were brought ...ut to 10°C and an 18 hour photoperiod. 
The first nymph in the moult phase was noted after 90 days E'1d 
72.14% eventually reached this stage. 	This was an improvement 
when compared vith unchilled autumn nymphs, but development was 
slow and percentage in diapause high Com:ared with early spring 
nymphs. 
In a similar experiment, larvae derived from spring adults 
were exposed to an 18 hour photoperiod for 2 months before 
feeding. 	Diapause incidence at 15 °C was high; all of the 
larvae at a short photoperlod (LD 6:18) were still in the pre- 
moult after one month. 	Some of them were then chilled for 1+3 
months before being put to 10°C and an 18 hour photoperiod. 
/Development 
70. 
Deve1opent was slow, and out of 1+0 larvae only 16 (1+0%) 
entered the moult pase in less than 200 days. 
Under field conditions, overwinteri,, autumn. larvae and 
nymphs begin development earlier than spring fed ticks. The 
next instars emerge earlier and host seeking activity begins 
in autumn (Campbell 191+8). The winter experience of these ticks 
has not been completely reproduced under laboratory conditions. 
Chilling at 2-50C was successful in terminating embryonic 
diapause, even when it was experienced by the engorged female. 
Twenty-nine females collected in Perthshire on the 28th June 
1966, were put to 2-50C in the dark the day after they were 
collected. 	After four months chilling, development was 
followed at 	:: 	 i. 	cr1i 	18:6). 	Larvae 
a.yter 5 o 7!d on€ 
began to elr.ei I. 	 ays. 	This was 
comparable with spring populT tn, for example, in 11 batches 
from females collected on the 13th May, 1966, larvae began to 
emerge after 58 to 68 days and in one batch after 108 days. 
These results are in agreement with Campbell's conclusion, 
that the temperature relations of embryonic development are 
the same for spring, and for chilled autumn ticks. 
Diapause in any population can of course be averted if en-
gorged Licks are placed in favourable temperature and light 
conditions directly after feeding. 	Even when diapause has 
been established it can be broken in more favourable conditions. 
Autumn or late spring nymphs after several weeks in diapause 
at 1 ° 5 C and an l hour photoperiod, soon enter the moult phase 
when moved to a ibr tem'erature with the same light regime 
(16.5 0C and LP  18:6). 	Spring nymphs in diapause at 15°C 
/and a short 
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and a short photoperlod, goon develop under long days at the 
same temperature. 	.iubsequent development depends to some 
extent on the duration of exposure to short days. 	Nymphs 
collected in April 1965 were fed and kept at a short photo-
period (LD 14:10 at 15 °C) for 2, 8 and 12 weeks before being 
moved to a long photoperiod (LD 18:6 at 15°C). 	Thirty nymphs 
were kept permanently at the long and short photoperiod and 20 
were rovod up on each ocasion. 	During the 105 days of the 
experiment, only 26.7 of the short day controls entered the 
moult phase; in the 8 and 12 week groups these were discarded 
before the shift to long days. 
Diapause was not apparently determined after only 2 weeks 
in short days; their progrcz to the moult phase was delayed by 
less than a week (Figure 4. 	'fter 8 or 12 weeks of short 
days, subsequent development in long days was delayed, but all 
eventually entered the moult phase. 
An interesting feature of spring populations is the syn-
chrony in emergence of the next instars, even when ticks were 
fed early or late in the spring season (Campbell 19)46). The 
short post-feeding photoperiods in early spring may contribute 
to this synchrony. 
In the laboratory, when spring populations exprlerice 
photoperod which is increasing by small daily increments, the 
early ;prin,--_-  nypns re delayed in the pre-moult unti 1Iti. 
threshold is reached. Nymphs collected in feebleshire in 
March, A ril and ay 1966, all entered the pre-moult at the 
same time when they experienced this photopLriod at15 0C. This 
/was fund 
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Figure 42. Development at 0l50C of nymphs which experienced before 
feeing 2 or 8 weeks at 15 C and LD 18:6 followed by 20 weeks at 
2-5 C in the dark. (broken line graph, 8 week nymphs). 
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Figure 43, Development at 150C and an 18 hour photoperiOd of nph 
collected in Peebleshire in April 1965.(broken line graph). Nymphs 
of the same population were fed and put to a short photoperiOd 
(LD ik:lO) for 2, e or 12 weeks before removing them to the 18 
hour photoperiOd. 	
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was fond also in 190 for a erthsh1re population of nymphs 
which exerienced only natural conditions near the laboratory 
(Figure 144). It was also anarent frorii this •xpriient that 
engorged nymphs do not recognise small daily increases in the 
photoper ted. 
'r , lono tvpesure of engwed ticks to short 	to1.eriodd 
at 15°C .t 	to dcy Jeve1oent in aubsequrnt 1 rig days, only 
in o1ationa which already have a low intensity of diapause 
(siring nyn Cs). 	VLere the intensity is aiready high (autumn 
nymphs) shat days can to some extent relace chiltinL in lower- 
ing the intensity. 	None of the nymr.hs collected on the 27th 
August 1966 entered the nuit 11ase in less than iO0 days at 
15 0C and an li' hour :hotopericd. 	After 3 months at a 6 hour 
photoperiod (at 15 0C) ; uS nymphs of this population were moved 
to t'. -.e longer photoperiod. 	Twenty-three (92) entered the moult 
phase within 90 days of the Liwitdh, 	This was repeated on several 
occasions with autumn ny: 	. 
It is Oftb1e t.t, Li to lab.ratory, some c.;binatUn 
of snort days and low temaeraturea might terminate diapause as 
effectively as natural winter conditions. 
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Diapause was found in several othei Ixodid tic • 	e life 
history of these species under natural conditions is, l 
cases, not known in detail, and the significance of diapause 
could not be assessed. 	Only a few observations of interest 
are given for comar1son with I, ricinus. 
Females of I. hexagous were sent  
their progeny were kept under bushes in outdoor conditions or 
were kept in the laboratory. 	I, canisuga in all stages of deve- 
lopment were found in the ce walls of dog ken ele and 
engorged adults were collected off the dogs. 	They were kept 
in a shed or in controlled conditions in the laboratory. 
Larvae and nymphs of I. hoxagonus, which experienced only 
outdoor conditions, were fed between the 9th and 11th September 
1966, and again in spring, 22nd May 1967 (Figure 5). 	The 
autuwn anJ _­ ring populations were derived from the same popu- 
lation of tic 1 ; • 	In similar experiments with I. canisuj, 
larvae and nymphs were fed in autumn (12th Novber 2?EE) and 
again in spring (23rd March 1967) (Figure 46). 
The intensity of diapause in both specien viaS .iLLi tnan 
for I. ricin. 	Both pre-feeding winter experience and the 
p t 	ding photoperiod at 15°C influenced development. 
in 1 • ilcin, diapause was wore strongly manifest in 
and at short photperiods. 
Diapause could not be indced by conditioning the unfed 
ticks at any combination of temperature or photoperiod in the 
/laboratory 
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Figure 45. Development of 1. hexapjnus larvae and nyihs at 
The unfed ticks experienced outdoor conditions only. Part of the 
population were fed In autumn (9-11th September) and the rest in 
:Driflg (22nd May). 
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The unfed ticks experienced outdoor conditions only. Part rf the 
opulatlon were fed in autumn (12th Noveriber) and the rest in 
pring (2rd iiarch). 
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laboratory. 	In situations where an Intense diapause was indu- 
ced in L. ricinu, only a short and inconsistent delay was found. 
Long photoperiods followed by short ones were however most 
successful and it is possible that the sequence of temperatures 
and :hotoperIods experienced in autumn is important. 
A rather degenerate form of diapause is not unexpected in 
I. canisuga. 	It is well protected in its habitat from adverse 
conditions and has a ready euply of host., 	in I. hexagonus 
It is rather surprising, as this tick Is found in more exposed 
situations and is associated frequently with a hibernating host, 
the hedgehog. 	The habits of this tick, off the host, are not 
well known. 
Larvae of H. leDoris-palustris have a higher inten6iy of 
diapause than the two Ixodes species. 	Adults, collected in 
June, were sent from Ontario, Canada. 	They were incubated at 
150C and a long (LD 18:6) or a short (LD 6:18) photoperiod. 
Larvae were fed after 6 and 16 weeks exposure. Diapause 
Incidence was low in the younger long day ticks and high in 
the older ones (Figure47). 	This is similar to the response 
in larvae of I. ricinus, although the incidence is lower. 
Under short day conditions the response is again close to 
I. ricinus , diapause incidence being lower In the oluer ticks. 
The minimum pre-moult, after a long photoperiod, was only lL 
days and after a short photoperlod It was prolonged to 28 days. 
There was an even greater tendency in H. lcporls-palustris 
for a long ire-feeding phooperiod to as ume a dominant tole. 
Diapause was averted or induced Irrespective of the post-feeding 
/daylength 
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A delay in the pre-moult phase was also found in larvae 
and nymphs of H, punctata. 	The original larvae were collected 
by blanket dragging on the Old Manor marshes, opposite Mersea 
Island, Essex. 	Nymphs which experienced 4 r 20 weeks at 15°C 
and a long photojeriod (LD 18:6) were all in diapau.e at 15 ° C 
after feeding. An increase from 4 to 20 weeks exposure to 
short days (LL 6:18) lowered diapause incidence from 83.3% to 
43.3%. The response is again similar to I, ricinus. 	The 
post-feeding threshold was between 16 and 14 hours of light per 
day. 
In this species, chiling unfed nymphs at 10 °C was more 
effective than at 2-5 °C in averting diapause. 	The incidence 
of diapause at 15 °C, after chilling for . months at the higher 
temperature,waa 34%,and 53.4% after chilling at the lower. 
Adults of II. punctata did not feed well on rabbits. 	P 
and detached. 	No eggs were laid at 15 °C and a long photoperiod 
(LD 18:6). 	In a second batch only 4 fully engorged female 
were obtained. N eggs were laid at 23 °C and an 18 hour photo-
period although the females were still mobile after 3 to L. months. 
During feeding, males were found with their ventral surface 
closely applied to these females. 	It seems likely that copu- 
lation took place on the host, 	d that inability to lay eggs 
was not due to infertility of the females. 	Diapause in adults 
of H. punctata requires confirmation. 
/Photoperiodic 
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khotriociic cntrol L,f diapause seLme likely to be a 
cOm:on feature of developr:.ent in temperate species of Ixodid 
species. The photoperiod both before and after feeding may 
be i!nroriAt and, in the unfed ticks, the roononse to nhto-
period may change with increased expose. 
Jevoral Ironical Izcidld ticks were 
but t.eir development was not i:f1uenced by long or short days. 
One exeriznent, with the •otted Fever tick, D. andersoni, 
suggested that te inability to feed in midsumi:.er and autumn 
may be associated with the daylength Conditions, The ticks 
were sent from British Columbia, and the adults were chilled 
for 5 mont 	± 	the dark before feeding. The progeny 
of one femnale A : 	 .i .. the adult stage at 23 °C and an 18 hour 
photoperioci, 	adults of this generation were either fed 
one month after emergence or were moved to other conditions 
before feeding. 	Phede conditions were lL weeks at 150C and 
three different 1iht regimes, LD 16:8, LD 6:18, and a photo-. 
period declining from 17 hours 25 minutes to 10 hours 20 min- 
utes, 	Farther batches were chilled for 16 weeTs at 2-5 0C in 
the dark, and 10°C at an 18 hour photoperiod or in darknes. 
Normally fe' ding takes less than 1G days, and if any 
adults had not detached by this time they were nulled off. 
In each group 10 females and 10 males were used, and those were 
-:c 
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Table 16. 
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Table 16. 	ire-feedini exerience and engorged weights of 
D, anderconi females (In grams). 
4 eeke at 
23 C, LD 18:6 
Fed directly 15°C, LD 16: 15°C, LD 6:18 15°C, declining 
14 weeks 14 wecks 17 hrs 25 mine 
to 10 kirs 20 mine 
14 weeks 
0.81 0.42 0.52 0.42 
0.71 0.38 0.47 0.05 
0.69 0.37 0.37 0.05 
0.66 0.31 0.36 0.04 
0.65 0.31 0.30 0.02 
0.62 0.29 0.23 0101 
0.60 0.15 0.23 0.01 
0,58 0.03 0.20 0101 
0.58 0101 0.15 0.01 
0110 0 1 01 0.10 1 died. 
mean 0.60 mean 0.23 mean 0.29 mean 0.06 
4 seeks at 
23 C LD 18:6 	 , 1 
11) C I LL 1:6 	10C, darkness 2-5C, darknes 
16 weeks 16 weeks 	 16 weeks 
0.82 0.67 0.74 
0.73 0.65 0.66 
0.69 0.63 0.66 
0.67 0.63 00 63 
0.62 0.61 0.58 
0,57 0.61 0.55 
0,50 0.59 0.48 
0.49 0.57 0.47 
0.43 0,57 r44 
0,40 0.33 0.36 
mean 0.59 mean 0.59 mean 0.56 
After a orolonged e:.perIence of moderate temperatures 
(15 0C), the adults become less willing to feed. 	This is not 
found at lower terneratures (10 0C or 2-50C). 	The ticks at a 
declining photoperiod have a more recent experience of long 
followed by short days and this may account for their very 
low weights after 10 days on the host. 	The rabbits in these 
experiments were all being used for only the first or second 
/time 
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tie. 	o ftr f ot reistance was observed which could 
explain tue results. 
These possibilities cL.early require fartuer investigation, 
particularly in relation to the host seeking behaviour of this 
tick. 
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Activity was not observed in the tick habitat. Adults and 
nymphs were confined in large glass jars 18 ems, high and lr) ems. 
in diameter. The tops of the jars (8 ems. in diameter) were closed 
with one layer of thin muslin, mesh size approximately 0.1 mm. soil. 
leaves and moss formed a basal layer 3 ems. in depth, and from this 
several grass stems were growing. luring dry weather the vegetation 
was kept moist. The jars were placed under bushes near the 
laboratory and these protected them from direct sunlight and excessive 
moisture. 
Larvae and nymphs, for these experiments, ere collected in 
Peebleshire on the 5th and 26th Pay 1966. They were fed in the 
laboratory and returned to the field. The new instars began to emerge 
in August and on the Pth October they were transferred to the activity 
jars near the laboratory. They experienced at all times only natural 
light conditions. 
Activity was followed from October 1966 to September 1967. 
Picks were active in October and 5 females were removed and fed 
successfully. There remained in the activity jars 53 nymphs, 43 
females and 25 males. By the end of February 10 nymphs, 12 females 
and 8 males were found dead in the basal layer, but this was not 
thoroughly examined and some dead tick may have been missed. The 
population could not have been more than 43 nymphs, 31 females and 
17 males. 
Picks were considered active if they were seen above the basal 
layer, either on the stems, on the sides of the jar or on the muslin! 
M. 
muslin top. To count these ticks the jars were gently removed from 
the bushes and placed on a large stone still in the shade. 	)uring 
April and May this movement enticed more ticks from the basal layer. 
Gently blowing into the jars or irruting in direct sunlight had the 
same effect. Counting of active ticks was started from the basal 
layer upwards and counting of these additional ticks was strictly 
avoided. The results recorded in figure 48 include, therefore, only 
spontaneously active individuals. 
)uring the time of greatest spontaneous activity (March to iay) 
the jars were occasionally opened and all the active ticks knocked 
down to the base. This was performed, on average, once a week during 
these months. Admittedly the ticks were considerably disturbed during 
their whole period in the jars, but this is not an unnatural situation. 
If the disturbance was greater than normally experienced, then the 
ticks would be expected to exhaust their reserved of food and die 
earlier than in the field. On the contrary, these individuals 
survived longer than has been recorded for field ticks. 
The jars were observed at irregular intervals, at dif'f'erent times 
of the day and, on occasions, up to three times in a day. The time 
of day is recorded only as A for the morning, and P for the afternoon 
(Figure 48). The temperature close to the jars was recorded at the 
time of counting and the maximum and minimum temperatures for the 
year were also taken. The information is again summarised in figure 
4.8. 
Activity, of a few individuals of these spring populations, was 
found In late autumn, a few weeks after the new instars had emerged./ 
81. 
Figure 48. Activity of I. ricinus adults and nymphs 0in outdoor 
conditions near the laboratory. The temperature in C at the time 
of activity counts is recorded above each column. The date is 
recorded at the foot ofthe column. 
a. 	counted during the morning. 
pe counted during the afternoon. 
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emerged. On any occasion this was not more than 4.2%of the females 
and 7.5f of the nymphs. Activity ceased during winter, a few adults 
were seen in !ebruary, and by March ticks were active at every count. 
During April and early May activity reached a peak, but the numbers 
declined towards the end of ray. In June, July and the first few 
days of August few ticks were seen. On the 10th August, 10 females 
had emerged from the basal layer. 1?rom then, until the experiment 
was terminated on the 19th September, consistently higher numbers of 
females were active than in the midsummer period. 
Death of the nymphs may have contributed largely to the late 
spring decline in their activity. This was not 
as many reappeared in autumn. During midsummer 
enticed into activity by moving the jar, banging 
warming it in direct sunlight for several hours. 
during the summer no farther activity was found 
treatments. 
true for the adults, 
they could not be 
it on the ground or 
On ten occasions 
fter any of these 
On the same ten occasions gently blowing into the jars had a 
marked effect. As many as 13 females, 3 males and 5 nymphs emerged 
from the basal layer and began to climb rapidly up the stems. (Figure 
19). The ticks were disturbed in this may for the last time on the 
7th August. fly the 9th all but two females had again disappeared 
into the vegetation layer. The recurrence of spontneous activity 
on the 10th probably did not result from their disturbance at an earlier 
date. 
Pammalian 3reath must be recognised by the inactive ticks. 
They may be sensitive to higher concentrations of carbon dioxide, and 
this is the only possibility which has been tested. On the afternoon! 
LC 
0 
Mj 	 SuNg 	 JU%__'1 
E 
7- 
2 
171 
c') 
E 
Fgure 49. Activity in the same population as shown in figure 4 8. Breath and CO2  induced activity during the midsurn.er inactivity period. 
afternoon of the 10th August, not all the available ticks had 
resumed activity. Moving the jar had no farther effect, but a few 
small crystals of dry ice placed on the muslin top induced 6 more 
females and 2 nymphs to emerge and climb to the top of the jar. 
On the 11th August, carbon dioxide induced 3 more females to begin 
activity. On the morning of the 19th August, no females were 
observed 5 minutes after moving the jar. Two minutes after applying 
the carbon dioxide a total of 13 females had emerged. 
Carbon dioxide had a striking effect on the activity of ticks 
which were already on the sterns, but which had assumed the characteristic 
'resting posture' observed by Lees (1%8). They immediately unfolded 
the first pair of legs and, after a brief period of questing, 
invariably began to climb up the stems. Noxious materials might 
also ellicit this response, but changes in the environment which are 
associated with the proximity of the host are likely to have greater 
biological significance. The climbing response observed when very 
small quantities of dry ice were placed on the muslin, did not 
suggest that the ticks were taking an avoiding reaction. Carbon 
dioxide is known to attract three tick species, 0.coriaceus Koch, 181iJ; 
D. occidentalis Marx, 1892 and I. pacificus Cooley and Xhols, 1%3. 
(Garcia 1962). 
These exDerirnents were repeated. with similar results, using a 
smaller Perthshire population (32 adults). 
The cessation of spring activity was not caused by death of the 
hungry adults. Nor does it appear to be related to adverse conditions. 
Activity was resumed in August at higher temperatures, and the contents/ 
8. 
contents of the jar were kept moist in summer. Long photoperiods 
alone were probably not responsible. Activity was continued into 
ay1itt at equivalent summer photoperl.ods no ticks were found. 
Developmental diapause is associated with the pre-feeding 
experience of early June nymphs. 	xperiments under controlled 
conditions suggest that this diapause is induced by the persistance 
of long days at temperatures above 100C. Yidsummer inactivity may 
be a rather unusual form of diapause, under the direct control of the 
temperature and daylength experience. This is a possibility 
mentioned by Beloserov (1964a) concerning midsummer inactivity in 
D.niarginatus but he has laid greater emphasis on the photoperiodlo 
conditions. Another possible explanation arises from the recent 
observations by Atwood and 5onenehine (1967), on the activity of 
D.variabills. !ield temperatures were not important in controlling 
activity. There was a direct relationship between the number of 
active larvae and adults, and a level of solar radiation of 300 or 
more langleys/day. An inverse relationship, if it applied to 
I.rtol.nus, would prevent activity in summer. 
In I.rioinus the trob1em of midsummer inactivity is likely to 
A 
be of interest rather than,praotical importance. In Peebleshire, 
on the same farm from which the experimental ticks were taken, no 
recrudescence of activity occurs in autumn. Campbell (19+8), in a 
thorough examination of the vegetation mat, found no viable ticks on 
this farm in summer. In the tick habitat in Northumberland, little 
'spring activity' was found after July even when the main host 
(sheep) was excluded from the area. (Lees and Milne 1951). Although 
observations were continued into autumn the number of active ticks/ 
ö4. 
ticks remained very low. 
The results recorded here suggest that I.rioinus females have a 
greater capacity for survival than expected from other activity 
experiments (Lees 194). 
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VII THE LI!'! TI"TOT 07 Ixodes rcinus TiNi 
NA'ruAL CoNt)I'rTO. 
Although comparison of events in the field and under controlled 
conditions in the laboratory is a procedure which must be applied with 
caution, the laboratory data presented here are readily reconcilable 
with the field evidence. 	It is possible to assess, to some extent, 
the contributions made by the temperature and daylength in regulating 
the life cycle. 
Spring ticks have all experienced short photoperiods and low 
temperatures in the unfed state in autumn and over winter. Those 
which feed early, in !'arch and April, have experienced only low 
temperatures and short days. Those which feed later in "ay have an 
additional experience of long days and higher temneratures, and this 
difference is reflected in the lower incidence of diapause and 
shorter premoult with the progress of the season. 
T)iapause becomes increasingly manifest with the persistance of 
higher temperatures and long days. In Scotland, when feeding is 
naturally delayed until June some of the nymphs develop rapidly and 
some diapause. 'fter experimental delay in the field until July 
ttiapause is strongly manifest in all the nymphs. Then larvae were 
delayed until the beginning of July an increase in diapause incidence 
was revealed only at low post-feeding temperatures. Vy  the end of 
July however diapause was found even at higher temperatures. 
y the end of June there was a delay in the preoviposition 
period of engorged females, and in the embryonic development of 
their progeny, but there is little direct evidence to associate this' 
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this with persistant long days and higher temperatures experienced 
by the hungry adults. 
In the field, delay in development of early spring fed ticks is 
of course not entirely due to their pro-feeding experience. Both 
Campbell l%8) and Baboriko (1956) found synchronous emergence of 
spring ticks which they attributed to the low temperatures experienced 
by the early fed ticks. !or example in l'l4 Campbell observed adult 
emergence from "arch and April fed nymphs between the 2th August 
and the 9th October. rhergenoe from )ay and June fed nymphs was 
in fact slightly earlier, between the 14th August and 25th 'September. 
An attempt was made to determine the relative importance of 
low temperatures or short days in delaying spring fed ticks. 
Nymphs collected in parch and April 1966 were fed, and kept in tubes 
in outdoor conditions near the laboratory. A Philips 8 watt 
fluorescent bulb was suspended 1 foot above the tubes and the 
daylength extended each evening to not less than 16 hours of light 
per day. Other tubes experienced only natural conditions. 
Both the experimental and control groups entered the moult 
phase at the same time, bet'een the 20th June and 15th July. 
Unfortunately this result can not be t&.'-en as conclusive evidence 
that low temperatures alone are delaying early engorged ticks. 
The extended light period was experienced during the evening when 
the temperature had fallen to between 5 0 and 100C. It is possible 
that at these temperatures the additional light was not recognised 
by the internal 'clock'. Such a situation has been envisaged by 
T1anilevskti from experiments with Acronycta rtnnicl.s. !ni1evskij/ 
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Danilevskii 1965, page 124). 
Low temperatures and short days both before and after feeling 
tend to operate conjointly to delay early spring ticks. ";ngorged 
ticks pass readily from diapause to development as the temperature 
and photoperiod increase. Later spring ticks develop more rapidly 
and synchrony is maintained in the whole population. 
iapause is not usually associated with spring ticks. Tn the 
Wosoow region the first dl.apausing nymphs were not found until the 
end of July (Babenko 1956), and Campbell (194) attributed diapause 
in the July fed ticks to the high temperature experience of the 
newly emerged autumn population. Tt is interesting that farther 
north in trarelia, where the active ticks are derived only from 
overwin-tering flat ticks. liapause is found in up to 6 of the June 
fed ticks depending upon the particular season (rheisin et.al . 1954a). 
In Rcotlanl diapause in late spring ticks was found in the laboratory 
and also in the field. Perthshire nymphs fed on the 1st l'ay. 2th 
?!ay and 12th June 1966 were returned to the field. Of 131 1st May 
nymphs, 124 had moulted to adults and 6 had died by the 22nd qeptember 
of the same year. By this date 37 out of 4.0 nymphs fed on the 2th 
May had moulted, one was still in the pre-moult and 2 had died. 
!)iapause was however strongly manifest in the 12th June ticks, of 
which 4.3 out of 50 were still in the pre-moult. 4. had died and only 
3 had emerged as adults. The diapausirig inlividuals overw'interei 
and lid not moult until the following summer. 
Spring nymphs which were experimentally delayed in the field 
until feeding on the 19th July, all entered diapause. The sample 
here was small (21 nymphs), but in 1967 the experiment was reteated/ 
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repeated with 66 nymphs delayed until the 30th July, and again all 
were in diapause in the field. 
In similar experiments with spring field larvae. large numbers 
were returned to the field from populations fed up to the 3rd July 
1966. Not less than 9K, of all these larvae had time to moult in 
the same season, but of 60 delayed in feeling ttntil the 31st July 
not one entered the moult phase until the following year. It is 
worth recording that in egg batches derived from 10 Perthshire 
females collected and put to the field on the 12th !'ay 19(6, very 
few unhatched eggs were found by October of that year. In egg 
batches laid in July from 10 females collected on the 2eth June, 
no larvae emerged until the following year. 
It has already been argued that these females -ere probably 
delayed spring ticks. 	i)iapause in experimentally -elayed spring 
larvae and nymphs has beer shown but the nymphs collected in June 
might represent the first of the autumn populations. This seems 
most unlikely. In 19( atil i7 the first nymphs did not emerge 
from overwinterl.ng engorged larvae until July, and in Campbell's 
observations autumn nymphs III not emerge earlier than mid—Tune and 
activity III not begin until July (Campbell 1%8). June nymphs are 
presumfibly the last of the spring active Picks. 
Diapause in June and July, when post-feeding temperatures and 
photopeiods are most favourable for development, must be attributed 
to the pre-feeding experience of these spring ticks. Persistance 
of higher temperatures and long days could account for this 
phenomenon. 
The intense diapause in all the early autumn nymphs is readily! 
readily reconcilable with the laboratory observations. Nymphs 
emerging in long clays, from chilled or unohilled engorged larvae, 
all itapause under favourable oondttions for develoment. The 
lower incidence of ruiapause in late autumn can be related to the 
longer pre-feeding history which includes both low temperatures and 
short clays. 
The relative importance of pre-and post-feeding conditions in 
ensuring universal d1.apause in autumn is a matter for conjecture. 
Clearly there is a tendency for pre-feeding conditions to assume 
the dominant role in early autumn, and post-feeding conditions in late 
autumn. The photoperiod probably does not influence embryonic 
bQt 
diapause,'or the larvae which have the lowest intensity of autumn 
d1.apause it may have greater significance. 
The progression of larval development in autumn is slightly 
different from the nymphs. Among the earliest lervae fed on the 
2nd August 19(6 a small proportion leveloped rapidly at 15°C and in 
the field 12 out of 0 had moulted by the beginning of Ictober. 
Later larvae returned to the field were all in diatause. It can 
be shown in the laboratory that after a short experience of an 18 
hour photoperiod, larval diapause intensity is still low and that 
development can proceed rapidly at 150C and above. In a few of the 
earliest autumn larvae the experience of long days may be sufficiently 
brief to induce rapid development rather than diapause. Wor the 
majority however the experience was sufficiently prolonged to favour 
diapause. 
Autumn ticks may not find a host until the following spring and 
in spring ticks the whole population overwintern. prolonged exposure/ 
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exposure to low temperatures and short days is a natural experience 
of these ticks and both may contribute to the lower incidence of 
diapause found in the larvae and nymphs in early spring. Tmbryonic 
development may be influenced in a similar way by the overwintering 
experience of the unfed adult but this re.uires experimental 
confirmation. 
Diapause, once established in the autumn ticks, is broken during 
the winter and development is resumed in favourable spring conditions 
(Campbell 1%8). In the laboratory, chilling at 2-50C in the dark 
followed by a higher temperature and long ph'toperiod, was sufficient 
to terminate embryonic diapause. Even incubation at 10°C at a long or 
short photoperiod had a marked. effect. These conditions were only 
partly successful in terminating diapause in larvae and nymphs. 
It is difficult to envisage a more favourable sequence of events, 
but it is possible that di pause in these stages has a lower 
temperature requirement, which has been satisfied only under field 
conditions. 
The regulation of diapause and development in autumn and spring 
populations of T.rloinus is presumably important in the adaptation of 
the life cycle to the unstable environment. Vi4summer inactivity of 
unfed adults may also contribute to this end. Tt does not appear 
to be reir ted to adverse conditions at this time of year. 
This interoretation of the life history of T.rl.cinuz in Scotland 
is not in agreement rith the conclusions of Belozerov concerning 
!bissian ropulatl.ons. In his first experiments with engorged 
larvae of a Leningrad pooulation, the threshold ihotoperiod at 1P°C 
lay between 17 to 18 hours per day. A higher temperature. 250C/ 
9'. 
250C, tended to avert diapause even at short photoneriods. 7e 
concluded that in the field, long midsummer days were most important 
for rapid development, and that diapause which was found in late 
July was brought about by short days. This response to photoperiod 
was compared with that of long day insects. 
In these experiments the pre-feedl.ng photoperiod was not 
explicitly stated, but hungry larvae were kept at a range of 
temperatures, one group at 150, 200  and 2 0C and another at 50, 150, 
180 and 20°C. In both groups diapause was lowest in larvae which 
experienced the highest temperatures 25 and 20 0C 1 and highest in 
larvae which experienced 150  and 180C. Tie made no comment on the 
relatively low incidence of dliapause which was apparent in the 
larvae which were chilled at 50C. Re concluded that low pre-Deeding 
temperatures favour diapause. This may not be a correct interpretation 
of the results, since the iuration of exposure to the different pre-
feeding temperatures was not the same. Larvae at the higher 
temperatures experienced only 1 or 2 months and at the lower 2 or 4 
months. 
The post-feeding temperature of 18 0C in thes4xperiments may be 
too high to make valid conclusions on field development. In one 
experiment where post-feeding temperatures of 150  and 18°C are compared, 
larvae had a high percentage in diapause at the lower temperature even 
in favourable light conditions. Fe quotes a mean midsummer maximum 
of 160C in the tick locality. 
Difficulty was also found in terminating liapause in engorged 
larvae of this population. Chilling at 50C for 4 months only 
delayed slightly subsequent development. 9is resu1tshowever, were! 
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were not sufficiently extensive to warrant the conclusion, that the 
photoperioclic response is unchanged by chilling or by the overwintering 
experience in the field (Belozerov 1964o). 
Belozerov's experiments were repeated by Babenko and Platonova 
(1965) using larvae of I.rioinus collected in the Moscow district 
and a Par 1stern population of T.persulcatu. After chilling, the  
hungry larvae were however kept at a long or a short photoperiod for 
30-40 days before feeling. 1)1.apauae incidence was lower after 
exposure to long days, showing for the first time photoperiodlo 
sensitivity in hungry ticks of these two species. These authors 
made no comment on the influence of the initl.a! neriod of chilling. 
Their results have been confirmed in similar experiments with a 
Scottish population of I.ricinus. 
In more extensive experiments with the Leningrad population, 
Belossrov and "lohailova (1966) kept hungry larvae for 2 months at 
long and short photoperiods. They confirmed that long days both 
before and after feeding were optimal for develo-inent. The long 
photoperiod before feeding was particularly important-,the temperature 
during this time had little effect. 
The incidence of diapause was extremely high after experience of 
short days. After two months at LD 1212 (at 250 or 180c), between 
50-8 dl.apaused at n long photoperiol 	201s.) nnl a high 
temperature (180c) after feeding. This intensity of diapause was 
not found in any Scottish population of larvae derived from the field 
or the laboratory. There might be a true difference between the 
geographic races in the induction of intense diapause. !owever the! 
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the LenIngral material "as kent, from the time o 	ult engorgement 
until the larvae were c-io 4ays old, at 259C anl nirtinuous light. 
They experienced a decline In photoi,eri.oi and in some cases also in 
temperature, before feeding. Although an increase in diapause 
intensity was not associated in a 1cottish tiopulation with a decrease 
from long to short days, this was not exhaus ive1y studied. 	Tt - 
possible that the discre'oancy lies in the different exerimental 
treatments. 
!elozerov and Fichailova believe that long dny experience both 
before and after feeding leads to rapid develonmenI rf tics fed in 
early summer. "he experiments recorded here i° that for some 
early autumn populations in this may be 4ie. Tt can be 
added that long photopenios experienced by hunir'r rva 5 are much 
more effective after ch.ling, and that long days in 
chilled and unchilled larvae leads to janpi,. 
.n the absence of chilling development in the field is not 
successful. taboratory ropultions of larvae experienced 2 months 
at 150C and LI) 18e6 or this same experience preceeded by 5 months 
of chilling.'Roth groups were fed and put to the field on the 
21st ray, 1967. ny the 15th september only one out of 111 unchilled 
larvae had moulted, "'hue nyirnhs had emerged fror 50 out of 	chilled 
larvae and c had died. 
Reloserov (19) has recently published results from experiments 
on nymphs derived from T.ricinus females collected in I'oldavia (470N). 
')etails of their laboratory history were not given, but the nymphs 
themselves experienced not less than months of long or short 
photoperiods, and were again incubated at 18'C after feeding. The 
short day nymphs had the lowest incidence of diapause and he concludes/ 
oonolwles that nymphs, unlike larvae, have a short day requirement 
in the unfod stage. It must be noted that the larvae in his previous 
experiments were fed after only 2 months exposure. lxperience with 
T.ricinus suggests that larvae after 5 months might approach the 
nymphal photoperiodic response, particularly if a range of post—
feeding temperatures are used in the experiment. 
It is possible that the conflicting data may become reconciled 
when the different populations are compared unler a wide range of 
temperature and light conditions. This may reveal on the other hand 
alternative forms of rliapause regulation in the widely separated 
populations of T.rl.cinus. 
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VIII PHO'POPERIOI)TC COWOL OF DIAPAUE IN IXODES 'TCTNT1S 
AND 9rM A'PHOPOS. 
The majority of Arthopods in which photoperiod controls dliapause 
can be considered as long day species. Long days and high temperatures 
favour development, while short days and low temperatures favour 
diapause. The daily light-dark cycles serve only as a token 
stimulus initiating the processes which lead to diapause at a later 
stage. Diapause is terminated at low temperatures and development 
resumed under favourable conditions. 
In short day species, of which the best known is 'Bombyx mori, 
the response is reversed, diapause being induced after experience of 
long days and high temperatures. (Kogure 1933). Recent reviews by 
Andre'rthQ. (1952), Lees (1955), Wilde (19(,2) and 1nilev&ii (195) 
give examples of typical long and short day species and also other 
groups in which there is a greater plasticity in response to 
environmental stimuli. 
This is particularly true of T.ricinus. The diapausing stages, 
except probably the egg, retain sensitivity to the temperature and 
photoperiod and respond in the same way as long day species. Tiowever 
chilling also has some effect in terminating cliapause. and persistance 
of short days can raise or lower the intensity of diapause. 
The unfed ticks are analagous to the sensitive stages in other 
Arthropods but are not typical of either long or short day species. 
The life cycle is so protracted that any stage in development can be 
exposed to favourable or unfavourable conditions • Under these 
circumstances each individual must be able to make a response/ 
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response appropriate to the season in which it feeds and in this 	
o ( . 
respect the most important adjustments are found in the hungry ticks. 
Thus, persistence of long days and high temperatures Indicate the 
anroach of unfavourable conditions and an intense diapause Is in-
duced. 	Persistence oe short days and low temperatures immediately 
followed by long days and higher temperatures indlvates favourable 
conditions and development subsequently proceeds rapidly. 
This multiplicity of response ensures that whenever an individual 
feeds, development proceeds in harmony with the environment. Perhaps 
the most interesting parallel among insects Is found in the tropical 
locust Nornadacris sotemfasciata, where the sequence of photoperiods 
synchronises development of the younger stages with the wet season. 
Egg laying begins without delay only, when the Immature Instars exper- 
rience short days and the adults long days. The diapause associated with 
the direct action of short days on the adults can be intensified If 
the hoppers experienced long days. Photoperiods declining by small 
daily increments were no more effective than one step down from above 
to below the critical photoperi:d. (,orris 1965). The bollworm 
Heliothis zea also has a different r'sponse to 'spring' and 'autumn' 
conditions. Diapause is :ianifest only when the preceding stages 
experience long followed by short days (Wells and Adkisoon l:C ). 
Diapause In some insects Is terminated in long days but the sequence 
of photoperiode may also be important. In the silkworm A. pernyl long 
days shorten the duration of pupal diapause. Brief exposure to short 
days (Lf weeks at LD 8:16) delays emergence in subsequent long days, 
but prolonged expose 17 to 22 weeks, even at a high temperature 25 °C, 
had a similar effect to chil:ing, 	Diapause was terminated rapidly 
after transfer to long/ 
long days. ('!illiams and Adkisson 196). 
Plants also respond to the sequence of photoperiotis and several 
'short-long day' species are known. (Lang 1952). For example, in 
'inter Rye vernalization can be replaced to some extent by exposure 
to short days, the time to flowering being reduced after removal to 
long days. (Purvis 1934). 
Diapauee in several species,inclnding I.rioinus, can be induced 
directly by short photoperiods and terminated by long ones. Larvae 
of Dentirolimus pini diapause under short day conditions, and 
development is readily resumed in long days. (Gay-spitz 1949). 
Diapause in the fourth instar larvae of an autumn population of 
Aedes triseriatus can be induced and maintained in darkness, 
development is again resumed in continuous light. (Love and Welohel, 
1955). 
Several other examples of this type of photoperiodic control 
were mentioned by wil4e (1962). Since then long days have been shown 
to terminate larval dliapause in Pectinophora gossypiella (ellso and 
Adkisson 1964), and pupal diapause in the two Saturniids Tyalophora ceo 
oecropia and Antheraea polyphemus. (Manaingh and Smallman 1967). 
In other species in which photoperiod is assumed to have no effect, 
prolonged chilling of the diapausing stage may have obscured a 
photoperiodio response. Certainly in the spruce budworvi Choristoneura 
fumiferana long days were more important for diapause termination in 
inadequately chilled larvae. (Harvey 1958). 
The diversity of response in these species suggests a more 
complex physiological control of diapause than has been found by 
"iliiams in Platysamia ceoropia. In this silkmoth the diapausing/ 
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diapausing pupal brain does not stimulate hormonal secretion in the 
prothoracic glands and development is arrested. (Williams 1%6, 1%7). 
After chilling the brain resumes electrical and hormonal activity, 
secretion is induced in the prothoracic glands and development 
proceeds (Van der Floot 	. "ri1lia 	.956). 
Bombyx moni is the-only/other insect in which the internal 
mechanisms are known in detail • The arrest of development is 
associated not with a hormonal deficiency, but the presence of a 
diapause factor or hormone, secreted by the maternal suboesophageal 
ganglion, under control of the brain. (Fukad.a 1951a, 1951b, Hasegawa 
1951). Farther investigation showed that diapause was regulated by 
the balance of two hormones, the growth inhibitor from the 
euboesophageal ganglion and a growth-promoting hormone from the 
corpus allatum. (!!orohoshi 1959). 
The concept of antagonistic hormones is helpful in attempting 
to understand the complex temperature and photopeniodio relations 
of I.nicinus. Several alternative explanations are possible but at 
this stage speculation is premature since there is among the 
Ixodoidea little direct evidence that the brain or hormones are 
involved in the regulation of diapause or development. Circumstantial 
evidence suggests that the processes involved are probably similar 
to those in insects. Joffe (i9) found neurosecretory cells in 
the brain of I.nicinus and !ty. asiatioum P.Sch. and E.Schl., 1929 
(,possible synonymous with 1y. dromedar) and identified 18 groups 
in the brain of D. piotus. An increase in neurosecretor'y material 
in the brain cells of Tbr. dromedarl.i Foch, 1844,is associated with 
the nymphal moult, with increasing age of the adult and with feeding! 
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feeding. (1anda 1967). 
Gabe (1955) studied in some detail neurosooretory activity in 
Ornithodoros erraticus (Lucas), 1849, 0. lahorensis Neumann, 1908 
and several other Arachnids. He observed that neuroseoretory 
material from the protocerebron passed backwards along four large 
nerve axons to the posterio-ventrally situated plaque ganglionaire 
Cells in this mass secreted a product which was distinguishable from 
the neuroseoretory material by its staining and histoohemical 
properties. He considered it not unlikely that a hormone initiating 
the moult is produced by this paraganglionlo mass under control 
of the protocerebron. No direct evidence is available although 
hormones are apparently involved in the moulting process in 
0. turicata (A. Duges), 1876. (Cox 1960). 
Inactivity and delayed preoviposition in D. pictus is associated 
with an increase in neuroseoretory material in many of the brain eell 
groups during the midsummer experience of hungry adults (Joffe 1965). 
Direct evidence awaits more refined experiments. 
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SU'A7 
I. There is an annual rhythm in the intensity of itapsus. in 
Txodes ricinus and this is associated with the seasonal experience 
of the hungry ticks. The lower limiting temperature and the 
photopertodl.o threshold for development of engorged ticks is high 
in autumn and low in spring. 
bryonio diapause is probably not influenced directly by the 
light regime. 
Pre-feeding temperatures and photoperiods influence subsequent 
development. The response to constant conditions changes with the 
duration of exposure. 'iapause intensity increseewith increasing 
experience of high tperatures and long days intensity decreases 
with increasing experience of low temperatures or short days. 
. Development proceeds without delay then a prolonged experience 
of short days or low temperatures is followed by a brief experience 
of higher temperatures and long days. )iapause is rei ntrotiuoed if 
the high temperature and long day experience, of the unfed ticks, 
is again prolonged. 
MApause in the engorged ticks and the eggs can be broken by low 
temperatures. Prolonged con'!tioning at a short photoperiod also 
affects diapaue intensity. 
Photoperiodio control of diapause was also found in Txodes 
hexagonu, t.oanisu, es*hysaljs punotata and ' 1rie.palustrje. 
The host seeking activity in Txodes riotnus eM the ability to 
feed in lrm*oentor, andereoni may also be influenced by the daylengtb. 
Be The importance of temperature and daylength in the phonology of 
Txodes riotnus has been discussed. Mapsuse in this species has been/ 
been compared with the phenomenon in other Arthropods. 
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